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 Available commercial ceramic brackets are made of alumina either 
monocrystalline or polycrystalline. One major drawback of these brackets is fracture 
during archwire torsion or tipping. Another drawback is that each type comes in one 
shade only: transparent or translucent. Objectives: To fabricate orthodontic brackets 
from different esthetic materials and evaluate their mechanical properties; to 
introduce extremely low profile miniature zirconia brackets and evaluate their 
torsional fracture strength; also, to fabricate brackets in shades comparable to natural 
tooth shades, and compare them to commercial ceramic brackets under different 
lights. Materials and Methods: CAD/CAM technology was used to mill brackets 
from: ParadigmTM MZ100 and LavaTM Ultimate resin composite; Mark II feldspathic 
porcelain; and In-Ceram® YZ zirconia. The brackets were subjected to two separate 
tests (torque and tipping). The average moments necessary to fracture the brackets 
 
 vi
were determined and compared to those of commercial alumina brackets, Mystique® 
MB and Resolve®. Also, miniature zirconia brackets were fabricated and subjected to 
torsion till failure. Static fatigue test was performed on standard YZ, MZ100, and 
Mystique brackets. Brackets were fabricated using CAD/CAM in shade A3 materials: 
MZ100; Lava Ultimate; and Mark II. Zirconia and alumina brackets were also 
fabricated and colored. Adobe Photoshop software was used to determine ΔE values 
between the brackets and A3 acrylic teeth from digital images taken under three 
different lights (daylight, fluorescent, and incandescent). The shaded brackets were 
compared to commercial alumina brackets: Inspire ICETM; Radiance PlusTM; Avex® 
CX; and Mystique® MB. Results: Standard zirconia brackets had the highest 
torsional and tipping strength among the tested esthetic brackets. Miniature zirconia 
brackets showed comparable or even statistically significantly higher resistance to 
archwire torsion than commercial alumina brackets. Standard zirconia brackets 
showed the highest survival rate of 83%. Under daylight, Radiance Plus and Lava 
Ultimate brackets had the smallest mean ΔE values. Lava Ultimate brackets had the 
smallest mean ΔE under fluorescent and incandescent light. Conclusions: Esthetic 
brackets can be fabricated in extremely low profile and smaller dimensions from 
zirconia with fracture strength comparable to the bulkier commercial alumina 
brackets. Also, brackets can be produced in natural tooth shades enhancing their 
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CHAPTER ONE - ABSTRACT 
 
EVALUATION OF MECHANICAL PROPERTIES OF CAD/CAM-
FABRICATED ESTHETIC ORTHODONTIC BRACKTES MADE OF INDIRECT 
COMPOSITE, PORCELAIN, AND ZIRCONIA AND INTRODUCTION OF 
NOVEL EXTREMELY LOW PROFILE MINIATURE ZIRCONIA BRACKETS 
 
 One major drawback of commercial alumina ceramic brackets is fracture 
or cracking during treatment, which could result from stresses during archwire torsion 
or tipping. This may affect the treatment efficiency by increasing the chair-side time 
or causing patient discomfort. Objectives: to fabricate orthodontic brackets from 
different esthetic materials and to determine their fracture resistance during archwire 
torsion and tipping; evaluate their performance under static fatigue using constant 
torque; also, to introduce extremely low profile miniature zirconia brackets and 
evaluate their torsional fracture strength. Materials and Methods: CAD/CAM 
technology (Cerec inLab, Sirona) was used to mill brackets with 0.018 x 0.025 inch 
slot. Materials used were: ParadigmTM MZ100 and LavaTM Ultimate resin composite 
(3M ESPE); Mark II feldspathic porcelain (Vita Zahnfabrik); and In-Ceram® YZ 
zirconia (Vita Zahnfabrik). 10 brackets of each material were subjected to two 
separate tests (torque and tipping) by a 0.018 x 0.025-inch stainless steel archwire 
(G&H) using a specially designed apparatus. The average moments and degrees of 
rotation necessary to fracture the brackets were determined and compared to those of 
commercially available alumina brackets, Mystique® MB and Resolve® (Dentsply 
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GAC). Also, miniature zirconia brackets were fabricated and subjected to archwire 
torsion till failure. Static fatigue test was performed on standard YZ, MZ100, and 
Mystique brackets using a specially designed apparatus to exert a constant torque of 
2957.5 gm.mm over a period of 192 days. Results: The mean torques at failure 
ranged from 3,467 gm.mm for Mark II to 11,902 gm.mm for standard zirconia. The 
mean tipping at failure ranged from 5,430 gm.mm for Mark II to 27,194 gm.mm for 
standard zirconia. Standard zirconia brackets showed the highest survival rate of 
83%. Conclusions: Standard zirconia brackets had the highest torsional and tipping 
strength among the tested esthetic brackets. Resistance of MZ100 and Lava Ultimate 
composite resin brackets to archwire torsion was comparable to commercially 
available alumina ceramic brackets. Miniature zirconia brackets showed comparable 
or even statistically significantly higher resistance to archwire torsion than the bulkier 
commercial alumina brackets. Standard zirconia brackets showed the highest survival 
rate when subjected to a relatively large static torque that would probably not be used 













CHAPTER ONE - INTRODUCTION 
 
 “Perfection is not attainable, but if we chase perfection we can catch excellence”.  
                         Vince Lombardi  
 An “ideal” orthodontic bracket should satisfy both esthetics and 
mechanics. An esthetic bracket should not draw attention from the patient’s face to the 
bracket. Its color should match the underlying natural tooth to make it less noticeable. It 
should have a low profile that does not protrude the lips. It should be strong enough to 
withstand and transfer the applied stresses during orthodontic treatment, such as torsional 
and tipping stresses, but weak enough to be removed without damaging natural teeth at 
the end of therapy. Orthodontic brackets are expected to be durable and withstand 
different kinds of stresses throughout the entire treatment time that takes usually from 12 
to 24 months or even more depending on the case difficulty. 
 
Orthodontic archwires can be activated in different planes to achieve three 
dimensional tooth movements. Edward Angle(1) “the father of modern orthodontics” 
defined the adjustments of the archwire in his original edgewise appliance, which was 
introduced in 1925, as: first-order (in-out) bends to compensate for individual variations 
in the contour of a tooth labial surface, second-order (tip) bends to align the long axis of a 
tooth in a mesio-distal direction), and third-order (torque) bends to align the long axis of 
a tooth in a facio-lingual direction. Later on, Lawrence F. Andrews(2) introduced the 
“Straight Wire Appliance” in 1980s which is the contemporary preadjusted edgewise 
bracket system. Andrews modified brackets to suit specific teeth to reduce the need for 
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numerous wire bends by using a prescription built into individual brackets. However, 
wire bends are still needed for detailing since preadjusted edgewise brackets are designed 
based on an average tooth anatomy. (3) Second order archwire activations result in 
tipping forces or moments, which tilts the long axis of a tooth in the mesio-distal 
direction. Torque can be created by a third order wire activation when a rectangular 
archwire is engaged in a bracket slot, and which causes the rotation of the long axis of a 
tooth in the faciolingual direction. This movement can be achieved by a torqued wire in a 
straight slot or a straight wire engaging a pre-torqued slot or combination. Both 
activations produce moments created by either a force or a couple. A moment is the 
ability of a force to rotate an object about a specific point or axis. A couple is two parallel 
forces that are equal in magnitude but opposite in directions and having different lines of 
actions. The moment of a force results in rotational as well as linear motions, but the 
moment of a couple produces pure rotation about the center of resistance. The magnitude 
of a moment is the product of the force magnitude times the perpendicular distance from 
the line of action to the center of resistance and it is measured in gram-millimeters or 
Newton-millimeters. In physics, force is the product of mass times acceleration and its 
value is Newton or gram x (millimeters / second). However, in clinical orthodontics force 
magnitude is measured in grams instead of Newton to make it less complicated for 
clinical needs. Both the force magnitude and the distance equally affect the magnitude of 





Esthetic brackets currently available are made of either plastic or ceramic 
material. Ceramic brackets have higher fracture resistance and better esthetic appearance 
than the plastic ones. Ceramic brackets are made of either monocrystalline (sapphire) or 
polycrystalline alumina. Monocrystalline alumina brackets are transparent while 
polycrystalline ones tend to be translucent; this is associated with the presence of grain 
boundaries in the latter. Although the actual process utilized by the various companies 
could not be obtained due to proprietary discretion, typical method of fabricating alumina 
brackets are either by machine cutting using diamond tools or injection molding (in 
which a suspension of alumina particles is injected into a performed mold of a bracket). 
Monocrystalline alumina brackets are more difficult to fabricate and hence more 
expensive and less common; they require the formation of large single crystal rods from a 
liquid state of raw materials, which are then milled with diamond cutting tools into the 
size and shape of orthodontic brackets. Orthodontic manufacturers obtain these large 
single crystals from ceramic manufacturing companies and mill them with ultrasonic 
cutting, diamond cutting, or both techniques, into diverse brackets. (5) Recently, 
companies have utilized computer-aided design/computer-aided manufacturing 
(CAD/CAM) technology to develop custom orthodontic brackets. Examples are: 
InsigniaTM (Ormco, Orange, Calif) for individualized facial brackets. Insignia provides 
custom metal brackets with built-in prescription for a specific case; however, alumina 
ceramic brackets are prefabricated with various prescriptions- not customized. 
IncognitoTM (TOP-Service für Lingualtechnik GmbH, 3M Unitek, Bad Essen, Germany) 
provides custom fixed lingual orthodontic appliances. The current approach to custom 
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brackets is to precisely cut each bracket using CAD/CAM technology, so that the base for 
each individual bracket is milled to fit a particular tooth, and the bracket slot is cut to 
have the proper inclination and torque required for ideal positioning of that tooth. (3)  
  
Ceramics are considered one of the oldest materials used in the history of human 
beings and have been introduced to the dental field since the late 1700s. (6, 7) The word 
“ceramic” comes from a Greek word “keramos” that means “potter's clay, tile, or 
pottery"; the root is a Sanskrit term meaning “to burn”. The Greeks used this term to refer 
to "burnt stuff” or "burned earth” since essential constituents were produced from heating 
the earth clays. (8) Evolving from its prehistoric roots, ceramics today is a multi-billion 
dollar industry that boasts an amazing array of recent technological advances in computer 
science, medicine, aerospace and many other fields. The introduction of ceramic brackets 
to orthodontics in the late 1980s was only part of the rapidly expanding ceramic 
technology in many industries. Since that date, ceramic brackets have been 
understandably welcomed by patients who choose them for their superior esthetic 
appearance as compared to conventional metal brackets. Basically, ceramics are neither 
metallic nor polymeric. They are nonmetallic, inorganic materials that include metal 
oxides, borides, carbide, nitrides, and complex mixtures of these materials. The structure 
of these materials is often crystalline and has either ionic or covalent bonds. The rapidly 
expanding ceramic technology in various industries is due to their hardness, resistance to 
high temperatures, and chemical stability. In addition to the fact that the atomic structure 
offers these benefits, it is also responsible for the major disadvantage of ceramics- 
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brittleness. Brittleness is a feature common to all the ceramics; they fail with little or no 
plastic deformation. Under stress, the atomic lattice of ceramics hinders shifting of the 
bonds and stress redistribution. If the stress intensity exceeds the fracture toughness 
value, the interatomic bonds break and the “brittle failure” or material fracture occurs. 
However, the mechanism of breakage in metals is quite different; metals are ductile, and 
their structure permits movement at grain boundaries because the shared electrons of the 
metallic bonds can move under stress thereby allowing significant deformation before 
failure occurs. (8, 9) Stainless steel can elongate (or permanently deform) up to about 
20% before failure, while the amount of deformation in monocrystalline or sapphire 
alumina ceramics is less than 1%. Alumina has 20 to 40 times lower fracture toughness or 
resistance to crack propagation than stainless steel. Thus, ceramic brackets are more 
susceptible to fracture than metal ones. (10) 
 
 In addition to their brittle nature, dental ceramics are subject to fatigue. 
Fatigue is defined as a progressive failure under prolonged or repeated loading. A 
structure that has been subjected to a stress below the yield stress and subsequently 
relieved of this stress should return to its original form without any change in its internal 
structure or properties. It has been found that when a cyclic stress is repeated many times, 
the strength of a material may be drastically reduced, resulting in failure at a smaller than 
predicted stress. Subjecting a specimen to alternating stress applications below the yield 
strength until fracture occurs is a method of fatigue testing. Tensile, compressive, shear, 
bending, and torsional fatigue tests can all be performed. The fatigue strength is the stress 
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at which a material fails under prolonged or repeated loading. (6) The measured strength 
may depend on the duration of load application and the rate of loading. In metals, fatigue 
failure often occurs after repeated cyclic loading, due to the formation and progression of 
a crack within a localized cold-worked volume; this particular mode of failure is rare in 
ceramics. On the other hand, static fatigue is common in ceramics where stress corrosion 
happens at a crack tip under a static stress causing delayed failure. This type of failure is 
typically sensitive to the surrounding environment. (8) Ceramics undergo a “slow crack 
growth” phenomenon that implies the growth of preexisting defects or surface cracks, 
thereby adversely affecting the survival probability of ceramic restorations. Ceramics 
usually have a significant number of pre-existing defects resulting from incomplete 
densification during processing, or from differences in thermal expansion between grains. 
Surface cracks may also result from abrasion or corrosion (often by water). The strength 
of ceramics is adversely affected by the presence of these pre-existing cracks along with 
low fracture toughness. Variability of strength is a consequence of the distribution of the 
number and sizes of cracks, and the time-dependency of strength results from the slow 
growth of these flaws to dimensions critical for catastrophic failure. (11)  
 
 Physical properties of ceramics have been well studied for many materials. 
Physical properties of a bracket may be much different because they can be affected by 
several factors, such as the manufacturing process and the particular design or geometry. 
Thus, it is necessary to evaluate and compare the properties of actual brackets rather than 
generic materials. In the present study, we have tried to find an esthetic bracket material 
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that has better fracture resistance than those currently available. We used CEREC® inLab 
CAD/CAM system (Sirona Dental Systems GmbH, Bensheim, Germany) to fabricate 
brackets as a more practical laboratory method than the usual manufacturing process 
which is used for making large quantities. CAD/CAM technology was initially developed 
and used in aircraft and automotive industries in the 1960s. A decade later, it was 
introduced to the dental field. Since then, the success and popularity of this technology in 
dentistry has increased remarkably. (12)The first dental system to combine digital 
scanning with a milling unit was introduced in 1980s, known as CEREC (Sirona Dental 
Systems GmbH, Bensheim, Germany).(13) The system enables dentists to create and seat 
restorations made from readily available ceramic blocks, which should be relatively free 
of bulk defects, in one appointment. CAD/CAM has been widely used to fabricate 
dimensionally accurate all-ceramic restorations including inlays, onlays, veneers, crowns, 
fixed partial dentures, implant abutments, and full-mouth reconstruction. (12) This 
technology has even been used in orthodontics, to produce multiple removable aligners 
(Invisalign; Align Technology, Inc, Santa Clara, Calif) and individualized facial 
(Insignia, Ormco, Orange, Calif) and lingual brackets (IncognitoTM, TOP-Service für 
Lingualtechnik GmbH, 3M Unitek, Bad Essen, Germany), and custom archwires. (3) 
Each CAD/CAM system consists of three main components: a scanner, design software, 
and a production unit. The scanner is a data collection tool that captures three-
dimensional geometry of the jaw and abutment tooth or teeth and transforms it into 
digital data sets. The design software has the capability to process the acquired digital 
data and produces a data set from which restorative products can be fabricated. The 
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production unit is the part that converts the processed digital data set into the final 
restoration. (14)  
 
 The CEREC blocks that were selected for bracket fabrication for this 
study were: yttria stabilized zirconia (In-Ceram YZ, Vita Zahnfabrik, Bad Säckingen, 
Germany), feldspathic porcelain-based ceramic (Vitablocs Mark II, Vita Zahnfabrik, 
Bad Säckingen, Germany), resin-based composite: ParadigmTM MZ100 and LavaTM 
Ultimate (3M ESPE, St. Paul, MN, USA). These materials have been successfully used 
for many esthetic restorations; thus, they were chosen to be compared to commercial 
alumina brackets. 
 
 Alumina (aluminum oxide, Al2O3) and zirconia (zirconium oxide, ZrO2) 
are categorized as polycrystalline ceramics. To produce sintered monophase ceramics, the 
crystals are sintered together directly without any matrix in between, to create a dense, 
non-porous, glass-free polycrystalline structure. (9, 15) Zirconia may exist in 3 phases 
(monoclinic, tetragonal, and cubic) depending on temperature and pressure. Pure zirconia 
is monoclinic at room temperature and up to 1170° C. This phase is considered the low 
temperature, stable phase. Between 1170° C and 2370° C, it will transform into the 
tetragonal phase, which may be stabilized at room temperature by the addition of 
stabilizing oxides and control the grain size. Above 2370°, it changes into the cubic 
phase. (16) Stabilizing oxides are metal oxides added as minor components, such as 
calcia (CaO), magnesia (MgO), yttria (Y2O3), and ceria (CeO2). Dental zirconia is 
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typically comprised of about 3 weight% of yttria added to pure zirconia.(9) Zirconia is 
characterized by a unique phenomenon known as “transformation toughening”, which is 
the reverse tetragonal-to-monoclinic transformation with simultaneous volumetric 
expansion. This can be initiated by stress around a crack tip. (17) This phenomenon plays 
an important role in strengthening and toughening this material by impeding crack 
propagation. This explains why zirconia has significantly superior mechanical properties 
compared to previous dental ceramics. (18) The strength and toughness of zirconia is 
twice that of alumina-based ceramics. It has been reported that the flexural strength is 
between 900 to 1100 MPa and the fracture toughness ranges from 8 MPa m1/2 to 10 MPa 
m1/2. (19, 20) The outstanding physical properties of zirconia allow it to be used for 
multiple-unit fixed partial dentures. (9) Zirconia is a biocompatible and chemically stable 
material, and that makes it an optimal material to be used in a corrosive environment such 
as found in an oral cavity. (16)      
 
 Vitablocs Mark II is a feldspathic porcelain that has been developed into 
fine-grain machinable blocks for CEREC® system. Feldspathic porcelain is glass based 
ceramic system mainly contains silicon dioxide (silica or quartz) containing various 
amounts of alumina. Aluminosilicate glass can be natural such as feldspars containing 
various amounts of potassium and sodium, or synthetic manufactured for dental ceramics; 
these materials are used in porcelain dentures and they are mainly used in veneers. 
Vitablocs Mark II is one of the most successfully documented materials for the 
fabrication of inlays and onlays, with studies showing a less than 1% per year failure rate, 
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which compares favorably with metal-ceramic survival data. Blocks have no residual 
porosity that could act as flaws that lead to catastrophic failure. (9)  
 
 Paradigm MZ100 was introduced in 2000 as the first composite block for 
CEREC (Sirona, Charlotte, NC). The material was developed to provide improved 
strength and wear properties for single unit restorations, while eliminating some of the 
drawbacks of ceramics such as high cost, glazing, abrasiveness to opposing dentition, and 
brittleness. Like all composite resin systems, MZ100 is composed of four major 
components: organic matrix, inorganic filler, coupling agent and initiator-accelerator 
system. (6) The polymeric matrix of MZ100 is highly cross-linked and consists of 
bisGMA (Bisphenol A diglycidyl ether dimethacrylate) and TEGDMA (tri[ethylene 
glycol] dimethacrylate). The degree of conversion of the methacrylate groups in MZ100 
is about 84%, which allows for maximum strength. (21) This degree of conversion is 
higher than the values of 60% to 80% seen in most composites. (6) The polymeric matrix 
is reinforced by ultrafine zirconia- silica ceramic particles that are approximately 85% by 
weight. While conventional fillers for composites are typically either fumed silica or 
milled barium glasses, the filler in MZ100 blocks is synthesized by a patented wet 
chemical method unique to the dental industry that yields particles with an average size 
of 0.6 micrometers, broad size distribution, and spherical morphology. (21) The enhanced 
properties of laboratory composites are a result of a higher degree of conversion obtained 
from the utilization of different polymerization procedures that involve heat, pressure, 
light, vacuum, or nitrogen atmosphere. (22) Therefore, in recent years, laboratory 
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composite restorations have become a popular alternative to all-ceramic restorations. (23) 
MZ100 proved to be statistically stiffer than other composite materials tested (Artglass, 
Belleglass, Sculpture, XR V, and Z100 Restorative). (24)  
 
LavaTM Ultimate is another composite resin bloc with ceramic fillers for 
CAD/CAM technology. The manufacturer introduced it as Resin Nano Ceramic (RNC); 
however, this material belongs to resin composite category according to the chemical 
composition and structure. It was reported that the CAD/CAM resin composites marketed 
as ‘classified as ceramic’ may show less crack propagations under fatigue forces than 
some CAD/CAM ceramics. (25)They may even provide better fracture resistance for 













CHAPTER ONE - LITERATURE REVIEW 
  
The first orthodontic bracket was introduced by Edward Angle in 1915 and it was 
made of gold. Ever since, there has been significant development in bracket materials and 
design.  Stainless steel brackets were developed and have become popular and the gold 
standard for decades. With an increased demand for esthetics, tooth colored brackets 
were developed. The first esthetic bracket material was developed by Newman and his 
coworkers in the late 1960s. During the early 1970s, polycarbonate plastic brackets were 
manufactured and made available commercially. Unfortunately, their acceptance by 
clinicians did not last long; they have a tendency to stain and discolor, especially in 
smokers and coffee drinkers. Poor dimensional stability and creep deformation during 
torque are also major problems of plastic brackets, which are reasons for difficulty of 
providing accurate bracket slot dimensions and prescription. Another drawback is friction 
with metal archwires. Although metal slots were placed in plastic brackets to overcome 
the problems of friction and poor dimensional stability, they are still not recommended in 
cases that need complicated orthodontic movements. (3, 27) Several studies evaluated the 
torque stability of different plastic brackets in comparison with metal ones and reported 
that only plastic brackets with metal slots were suitable clinically, but there was still 
significant deformation and the addition of ceramic or glass fibers to polycarbonate or 
using polyurethane did not improve torque stability. (28, 29) Recently, self-ligating 
esthetic brackets were developed. An in vitro study by Cacciafesta et al. showed that 
polycarbonate self-ligating brackets created significantly higher frictional forces than 
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stainless steel self-ligating brackets, but were similar to conventional stainless steel 
brackets. (30) In the middle 1980s, the first ceramic brackets were introduced, which 
were made of alumina. Alumina brackets have greater fracture and stain resistance than 
the plastic ones. Currently, commercially available ceramic brackets are either 
monocrystalline or polycrystalline alumina.(3, 27) Besides superior esthetics, which is 
the key reason behind the popularity of alumina ceramic brackets, ceramic brackets are 
biocompatible; they are corrosion resistant, non-allergic and non-toxic. Although alumina 
brackets gained popularity and wide spread use when they were introduced, they soon 
showed major problems. One major drawback is fracture or cracking during treatment, 
which could result from stresses during archwire ligation, torsion or tipping, and 
subsequent debonding. (31) Besides brittleness, ceramic brackets have other problems, 
such as irreversible damage to enamel on debonding, enamel wear of opposing teeth, and 
higher frictional resistance that might increase resistance to teeth sliding. (32) Several 
studies reported that fracture of alumina brackets has been a clinical problem facing 
orthodontists. (10, 31, 33-35) Alumina brackets can break due to stresses from archwire 
ligation or during transmission of torque and tip from an archwire to a bracket. Stresses 
from anterior teeth torque are more likely to result in bracket fracture.(36-38) This may 
affect the treatment efficiency by increasing the chair-side time, causing patient 
discomfort and potential increase of total treatment time, or subjecting the patient to the 
risk of swallowing the radiolucent bracket fragments or even aspiration.(37) Heat 
generated during removal of residual ceramic material may cause pulpal damage 
particularly if a low-speed hand-piece with no coolant is used. (39)  
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Rhodes et al. and Lindauer investigated the fracture strength of commercial 
alumina brackets during second order archwire activation (mesiodistal tipping). (40, 
41)However, they enumerated force magnitude only, without consideration of the 
distance effect on the resultant moment. Lindauer et al. determined the moments required 
to fracture alumina brackets during tipping and found that they were adequate for clinical 
use for tipping. They concluded that ceramic brackets might be more prone to fracture 
when subjected to archwire torsion than mesiodistal tipping. Flores et al., Holte et al., 
Aknin et al., and Nishio et al. evaluated and compared the fracture resistance of alumina 
ceramic brackets to torque.(36-38, 42)They reported significant differences in torsional 
strengths among the tested brackets; however, the required moments to fracture the tested 
brackets were much lower than the moments needed to torque teeth clinically as reported 
in the literature. Nevertheless, their conclusion needs more consideration, which will be 
discussed later.  
 
Addiego and Pober fabricated orthodontic brackets using MZ100 composite resin 
Cerec blocks and Celay machine, and evaluated their mechanical properties. They 
reported that MZ100 brackets showed comparable flexural & shear strength to almost all 
of the tested ceramic brackets, however they had lower resistance to tipping and torsional 
forces. (43) Ziadeh et al. fabricated brackets using MZ100 & MKII Cerec blocks and 
Cerec CAD/CAM system, and found that MZ100 had comparable torsional strength to 
commercial alumina brackets (Transcend). However, MKII showed significantly lower 
resistance to torque. Their tipping test results showed that both MZ100 & MKII had 
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lower tipping strength than alumina brackets (Transcend), yet, their strength was enough 
to withstand reported clinical orthodontic tipping & torsional stresses. (44) 
 
 Variation of bracket design and geometry could play an important role in 
strength determination. To maximize reliability when designing structures made of 
ceramic material, Ritter suggested minimizing stress concentration by avoiding sharp 
corners and rapid changes in cross-sectional size, undercuts, and holes.(45) Ghosh et al. 
showed the stress distribution patterns in ceramic brackets during archwire tipping and 
torsion using finite element analysis. They demonstrated that ceramic bracket design 
could affect strength; sharp angles, no rounded corners, areas of abrupt change in 
geometry and shape, and / or no isthmus connecting the wings resulted in larger stresses 
and irregular stress distribution. (46) In the previously mentioned study by Lindauer and 
his colleagues, lateral incisor brackets had lower strength values during archwire 
mesiodistal tipping than central incisor brackets of the same manufacturer. They stated 
that the smaller width of lateral incisor brackets is likely the reason, because it makes the 
distance between couples of tipping moments smaller.(41) The reason could also be due 
to presence of less material to support an applied load or moment in the smaller lateral 
incisor brackets. 
  
Manufacturers have also provided mini and low profile brackets, which are 
available in either metal or alumina. Mini brackets are miniature or small brackets that 
are similar to regular edgewise brackets but have smaller dimensions. Low profile 
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brackets have smaller dimensions especially labiolingually. According to the 
manufacturer, this enhances both esthetics, patient comfort, and minimizes occlusal 
interferences. In addition, the reduced occlusogingival dimension enhances patient 
hygiene.(47) It has been reported that dental decalcification might increase with ceramic 
brackets because of their increased bulkiness, which could make oral hygiene 
maintenance more challenging. (48) An example is ClarityTM Advanced ceramic bracket 
(3M Unitek, Monrovia, Calif), which has (according to the manufacturer) a profile 
(labiolingual dimension) of 0.0755” compared to 0.0832” and 0.089” of competitors’ 
commercial brackets.(49) However, smaller bracket size may adversely affect its 
strength. Moreover, narrower dimensions, especially mesiodistally, can lead to limited 
biomechanical rotational control of the teeth, which characterizes mandibular incisor 
ceramic brackets. 
 
 Zirconia brackets were manufactured in Japan and Australia, but haven’t 
been widely distributed in the market. (27) Tilson and his colleagues examined zirconia 
brackets (Hi-Brace, Toray Ceram, Yamaura, Japan) using x-ray diffraction analysis and 
found they contained substantial amounts of cubic zirconia phase which probably caused 
lower fracture toughness values than expected. (50, 51)They have not found wide 
acceptance because of their more opaque appearance compared to alumina. Some studies 
showed no significant differences between alumina and zirconia brackets in terms of 
friction, while others found that zirconia brackets had less friction. (52, 53)There is no 
adequate published research on zirconia brackets. To the best of our knowledge, there is 
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no study in the literature evaluating the strength zirconia of brackets during archwire 
torsion or tipping.  
 
 It is well known that tempered glass, whether it is in an automobile 
windshield or in a sliding glass door, is susceptible to slow crack growth until sudden 
fracture. Researchers have verified that many ceramics are susceptible to fatigue. Stress 
dependent, chemically assisted, slow crack growth is an important factor in the clinical 
failure of dental ceramics. This time-dependency must be taken into consideration since 
the average orthodontic treatment time is estimated around 18-24 months. In the oral 
cavity, brackets are exposed to water from saliva and via diffusion through bonding 
agents to the bracket base.  
 
Sherrill and O’Brien evaluated the influence of environmental moisture on the 
transverse strength of aluminous and feldspathic porcelain and reported that the strength 
was 27% greater in dry samples compared to ones tested in distilled water and the effect 
was similar in both porcelain types.(54) Several researchers showed that there was a 
decrease of strength of polycrystalline alumina in a wet environment.(55, 56) Xavier and 
Hubner found that there was a 20-30 % strength degradation of polycrystalline alumina 
when tested in water rather than air.(55) Ritter explained the corrosive attack or the 
chemical interaction between ceramics and water or water vapor in the surrounding 
environment. When a water molecule reaches a crack tip under stress, it causes hydration 
of the M-O bond and thus breaking the M-O-M bonds in oxide ceramics, leading to slow 
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crack growth. When a crack reaches the critical length for failure, catastrophic failure 
will occur.(57) Drummond et al. investigated the influence of three months aging in 
aqueous environment on the mechanical properties of six types of dental ceramics and 
showed that aging in water caused a 6-17% decrease in the mean flexural strength and 5-
39% reduction in the mean fracture toughness, concluding that this may have a negative 
effect on the survival time of these ceramics in the oral cavity.(58) Sobrinho et al studied 
the effect of fatigue on the strength of dental ceramic crowns and found a significant 
strength degradation after fatiguing in both dry and wet environment compared to non-
fatigued samples, while no difference was noticed between aging in dry and wet 
conditions.(59) On the contrary, Borges et al. reported a significant reduction in the 
fracture loads of ceramic crowns fatigued in a wet environment versus a dry 
environment.(60) Borba et al. compared three different restorative ceramic materials: 
Vita In-Ceram YZ, Vita In-Ceram Zirconia, Vita In-Ceram AL, and two veneering 
porcelains (VM7 and VM9) and reported that there was a significant effect of the 
microstructure on slow crack growth (SCG) and mechanical behavior of the tested 
materials and that lifetime predictions showed that YZ (yttria stabilized zirconia) was the 
material with the best mechanical performance. (61)  
 
Kim and Pober studied the fracture resistance of commercial alumina brackets to 
shear loads and found that there was a significant strength reduction following aging in 
distilled water for 4 months. They also compared the strength following 24 hour to 4 
month incubation period for Transcend 2000 (Unitek, Monrovia, CA) polycrystalline 
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alumina brackets, but no significant difference was detected, indicating that the reduction 
of fracture resistance seemed to occur soon after the brackets were immersed in a moist 
environment and did not significantly decrease during a 4 month period. In addition, they 
also evaluated the strength degradation under different amounts of static loads in wet 
environment for a particular bracket type for 4 months, however, the results revealed no 
significant difference.(62) Lee and Pober evaluated the static fatigue behavior of different 
commercial stainless steel and alumina ceramic brackets for up to 100 days. They noticed 
that stainless brackets exhibited permanent deformation instead of fracture. However, 
there was a significant difference in the mean torque at failure values among the tested 
alumina brackets. There was a 6 to 30% reduction in torsional strength of the alumina 
brackets from dry to wet aging, which was statistically significant.  (63) Addiego and 
Pober fabricated orthodontic brackets using MZ100 composite resin Cerec blocks and 
Celay machine, and evaluated their mechanical properties. They found that subjecting the 
MZ 100 brackets to sub-catastrophic torsional loads in a humid environment results in 
bracket fracture over time and the fracture risk was related to the applied load. (43) 
 
To the best of author’s knowledge, there has been no study to investigate the 
static fatigue behavior of zirconia orthodontic brackets. The aim of this in vitro study was 
to fabricate brackets of new esthetic materials and test their fracture resistance to 
archwire torsion and tipping, to investigate their static fatigue behavior, and compare 
these properties to those of conventional ceramic brackets. Also, to create low profile 
 
 22
miniature zirconia brackets and compare their torsional strength to commercial alumina 























CHAPTER ONE - OBJECTIVES 
In Vitro Evaluation of the Mechanical Properties of Different Esthetic 
Orthodontic Brackets. 
Objectives of this study were to: 
1) Fabricate orthodontic brackets using different esthetic materials and CAD/CAM 
technology: composite resin, feldspathic porcelain, and yttria-stabilized zirconia. 
2) Investigate the fracture resistance of the milled esthetic orthodontic brackets 
during third order archwire activation (torsion), and compare it to commercial 
alumina brackets. 
3) Investigate the fracture resistance of the milled esthetic orthodontic brackets 
during second order archwire activation (mesiodistal tipping), and compare it to 
commercial alumina brackets. 
4) Determine the effect of static fatigue on the strength of the milled esthetic 
orthodontic brackets in a moist environment for 192 days under constant torque, 
and compare it to commercial alumina brackets. 
5) Fabricate low profile miniature zirconia brackets and compare their torsional 








CHAPTER ONE - MATERALS AND METHODS 
Experiments were done to test the mechanical properties of eight groups of tooth 
colored brackets and compare the results. Each group had 10 specimens. The slot size of 
each bracket was 0.018” x 0.025”. 
Group (1): Prefabricated polycrystalline alumina Mystique® MB (maxillary right 
central incisor brackets).  
Group (2): Prefabricated polycrystalline alumina Mystique® MB (mandibular 
incisor brackets).  
Group (3): Prefabricated polycrystalline alumina Resolve® (mandibular incisor 
brackets) 
Group (4): Brackets milled with inLAB Machine from ParadigmTM MZ100 
composite blocks (maxillary central incisor brackets).  
Group (5): Brackets milled with inLAB Machine from LavaTM Ultimate 
composite blocks (maxillary central incisor brackets).  
Group (6): Brackets milled with inLAB Machine from Mark II feldspathic 
porcelain (maxillary central incisor brackets).  
Group (7): Brackets milled with inLAB Machine from In-Ceram® YZ zirconia 
(maxillary central incisor brackets).  
Group (8): Brackets milled with inLAB Machine from In-Ceram® YZ zirconia 






I. Fabrication of orthodontic brackets:  
 
A. Slot cutting using diamond saw: 
In this study, CEREC® inLab computer-aided design/computer- aided manufacturing 
(CAD/CAM) system (Sirona Dental Systems GmbH, Bensheim, Germany) was used to 
mill orthodontic brackets out of cerec blocks of different materials:  ParadigmTM MZ100 
and LavaTM Ultimate resin composite (3M ESPE, St. Paul, MN); Mark II feldspathic 
porcelain (Vitablocs Mark II, Vita Zahnfabrik, Bad Säckingen, Germany); and In-
Ceram® YZ zirconia (Vita Zahnfabrik, Bad Säckingen, Germany). However, it was not 
feasible to mill the bracket slot using CAD/CAM. Therefore, the bracket slot was first cut 
in each cerec block before milling in cerec inLab using a custom made fixture and a 
diamond saw blade (Access Diamond, Inc., Georgetown, Calif) mounted in IsoMet® 
5000 Precision Saw (Buehler Ltd., Lake Bluff, IL, USA) (Figure 1.1). An appropriate 
blade thickness was chosen to obtain a desired slot width incisogingivally. A 0.017 inch-
thick diamond saw blade was used to mill a slot with an 0.018 inch-incisogingival width 
for MZ100, Mark II, and Lava Ultimate brackets. Since the YZ should be milled 
oversized by about 25% to compensate for shrinkage during sintering, a 0.021 inch- saw 
was used to mill an oversized presintered slot. Adjusting the block axis vertically and 
horizontally in relation to the saw controlled the slot depth and position, respectively.  
The cerec block was placed in a custom-mounting jig in the Isomet 5000 Precision Saw 
with the blade parallel to the long axis of the block. The slot was made in the center of 
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the block paralleling its long axis. Adjusting the block position vertically in relation to 
the saw controlled the depth of the slot, and that was achieved by modifying the shim 
stock thickness at the base of the sliding fixture custom-mounting jig. The thicker the 
shim stock, the closer the block to the saw, the deeper the cut and the slot. The desired 
slot depth was 0.025 inch for all the groups except YZ that needed to be cut deeper to 
compensate for shrinkage. The block was aligned horizontally to allow the slot to be 
made in the center of the bracket and that was controlled by adjusting the four side 
screws. The block position in relation to the saw was modified for each material because 
of the size and shape difference of the blocks. This technique, though not ideal, helped in 
fabricating brackets with slots of the same size (0.018 inch x 0.025 inch). The slot size 
was verified under optical microscope (Figure 1.1). Hence, we expect that there is no bias 









                
                      
            
Figure 1.1. a) Cutting a slot through a Cerec block using a saw mounted in IsoMet® 5000 
Precision Saw machine. b) Close up to show slot cut through MZ100 bloc. C) 







B. Milling orthodontic brackets using CAD/CAM:  
After slot cutting, milling in Cerec inLab was done using Cerec 3D software.  The 
scanned master model used to mill the brackets out of the cerec blocks was prefabricated 
alumina brackets (Fascination® (Dentaurum, Germany) mounted on a straight 
orthodontic wire (Figure 1.2). The prepared blocks were mounted in Cerec inLab and 
milled using Cerec 3D software to produce replicas of the master model (Figure 1.3 and 
1.4). Miniature YZ brackets were fabricated to have almost half of the incisogingival 
height of all other tested brackets (Figure 1.5) and significantly lower labioolingual 
profile (Figure 1.6). YZ brackets were sintered to full density in a 4- to 6-hour cycle in 
Vita ZYrcomat furnace (Vita Zahnfabrik, Bad Säckingen, Germany), specially 
programmed for sintering this type of ceramic material at 1530 degrees Celsius. Ten 




















Figure 1.5. Size comparison of tested brackets against metric ruler (in millimeters): a) 
Standard YZ (upper central incisor), b )Mystique (lower incisor), c) Mystique (upper 
central incisor), d) Resolve (lower incisor), e) Low profile miniature YZ.  
 
N.B: Mark II, MZ100, and Lava Ultimate brackets had the dimensions of upper 
central incisor bracket like standard YZ brackets (a). 
 
 
Figure 1.6. Profile or bracket dimensions: a) Standard YZ bracket, 0.086″ (2.18 mm). b) 





II.  Evaluation of the mechanical properties: 
 
1. Fracture resistance of the esthetic brackets to archwire torsion (torque test): 
Samples: 
Ten orthodontic brackets of each type were subjected to third order archwire 
activation (torque) until failure; torque at failure values were then compared. (n=10 for 
each type). A custom made metal holder was used to hold the brackets during testing. All 
the brackets were cemented to the holders using resin cement (Multilink Automix®, 
Ivoclar Vivadent, Schaan, Liechtenstein). Cementation was done following the 
manufacturer’s instructions. The surfaces of the holders were prepared by sandblasting 
with 25-50 microns Alumina particles (Basic Professional, Rentert GmbH, Hilzingen, 
Germany) at a pressure of less than 4 bar and then cleaned with tap water in ultrasonic 
mixer (Vitasonic, Vita Zahnfabrik, Bad Säckingen, Germany) for ten minutes. The bases 
of MZ100, Lava Ultimate and YZ brackets were sandblasted with 25-50 microns 
Alumina particles at a pressure of less than 2.5 bar and then cleaned with air-water spray. 
However, the bases of Mark II brackets were not sandblasted but were etched with 9.6% 
Hydrofluoric acid (Porecelain Etch Gel, Pulpdent Corporation, Watertown, M.A., U.SA.). 
No sandblasting or etching was needed for Mystique® MB and Resolve® prefabricated 
brackets (Dentsply GAC Int’l, Bohemia, NY, USA). After that, Monobond® plus bonding 
agent was applied to both the bracket and the metal holder. Two brackets were cemented 
to each holder for cost efficiency and the cement was allowed to set for at least 24 hours. 
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The samples were kept in tap water at 37 degrees Celsius-incubator (Precision Economy 
Incubator, Precision Scientific, Winchester VA, USA) for 24 hours before testing. 
 
Design of the testing Apparatus and testing procedure: 
A specially designed apparatus was used to mimic rectangular archwire torquing 
(Figure 1.7 and 1.8). Brackets (A) cemented to metal holders (B) were positioned on a 
metal base (C) that had a crosshead (D) that could hold and twist an orthodontic wire (E) 
without moving in any other direction such that the applied torque would mimic the 
palatal root torquing effect of a rectangular wire. A string (F) was attached to the 
crosshead for twisting the wire. The end of the string was attached to a 100 Newton load 
cell in a universal testing machine (Model 4202; Instron, Canton, Mass) (Figure 1.9). The 
Instron crosshead speed was 50 mm/min. Torque was applied to the brackets using a 
0.018inch by 0.025 inch stainless steel orthodontic wire (G&H® Wire Company, 
Franklin, Ind) which was grasped about 6 mm lateral to the center of each bracket at both 
ends by two arms projecting from a rotating cylinder. This distance is considered to be an 
average interbracket distance (clinically). (36, 38) The wire was aligned parallel with the 
slot to eliminate or minimize any effect from the existing torque or angulation in the 
bracket slot; thereby having 0° torque and 0° angulation as a starting point. Round (Open 
Ring®) rubber bands (7/8 inch circumference x 1/16 inch width/thickness) (Alliance 
Rubber Company, Franklin, KY) were used to hold the wire in the bracket slot while 
testing. The load (g) and displacement (mm) at failure were recorded along with the 




One-way analysis of variance (ANOVA) and Tukey-Kramer Honestly Significant 
Difference (Tukey-Kramer HSD) were performed for the data set using JMP 10 software 
(SAS Institute Inc., Cary, N.C.) at a 0.05 level of significance. 
 
 
Figure 1.7. a) Torque test apparatus. b) Top view of the wire engaged in the bracket. c) 












Figure 1.9. Torque apparatus mounted in the Instron machine. 
 
2. Fracture resistance of the esthetic brackets to archwire tipping (tipping test): 
 
Samples: 
Ten orthodontic brackets of each type were subjected to second order archwire 
activation (tipping) until failure. The fracture values were then compared (n=10 for each 
type). All brackets were cemented to metal holders using the same method previously 
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Design of the testing Apparatus and testing procedure: 
The same apparatus used for determining torsional fracture resistance was used 
for this test except that the torque crosshead was replaced with a custom tipping 
crosshead (D) (Figure 1.10 and 1.11). The tipping crosshead allowed the stainless steel 
0.018 by 0.025 inch wire to exert a pure tipping force. The brackets were placed on the 
metal platform such that the applied force would mimic the distal root tipping effect of a 
rectangular wire engaged in an upper right central incisor. Once again, a 100 Newton 
load cell with a crosshead speed of 50 mm/min was used. The tipping force was applied 




Figure 1.10. a) Tipping test apparatus. b) Top view of the wire engaged in the bracket. c) 




















3) Effect of static fatigue on esthetic brackets: 
 
Samples: 
Three different types of esthetic brackets (Standard YZ U1, MZ100 U1, and 
Mystique U1) with a 0.018 inch slot were subjected to static fatigue in this study. Palatal 
root torque (labial crown torque) was applied to each bracket with a 0.018-inch thick 
steel strip. A load weight of 43 g resulting in 2957.5 gm.mm torque was applied to the 
brackets for about six and a half months (192 days).  
 
The reference for load selection was the mean value from the torsional fracture 
test and the needed clinical torque values reported in the literature. The torque applied in 
the static fatigue test was 2,957.5 gm.mm. It was calculated by multiplying the load 
weight assembly (D, E, and F) by its distance from the bracket (C):  
 (D x ½ strip length) +  ((E+F) x Strip length)  
= (2.5 x 25) + (43+14.9) x 50  = 2957.5 gm.mm 
Since the washer weight was very small relative to the total assembly weight, the 
buoyant force from the honey was disregarded. 
 
The torque used in this test is 118.3% (or 18.3% higher than) of the minimum 
torque at failure value recorded in the torsional fracture test, which was 2,500 gm.mm, 
and 85.3% of the lowest mean torque at failure recorded, which was 3,467 gm.mm for 
Mark II brackets. In addition, it is 24.6% higher than the highest torque recommended in 
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the literature to be used clinically for maxillary central incisor, which was 2,373 gm.mm. 
(64-68) 
Sample size was 8 for each group but 4 brackets broke instantly by mistake, at the 
beginning of the test, while preparing the apparatus so we ended up with 7 YZ, 7 
Mystique, and 6 MZ100 brackets. 
 
Static fatigue apparatus design and testing procedure:  
The apparatus used for this test was designed at Boston University (Figure 1.12 
and 1.13). A metal base (A) was designed to accommodate 10 porcelain blocks (B) and 
each block had 2 bonded brackets (C). A 0.018 inch thick steel strip (D) was used to 
apply torsional (cantilever) force rather than an archwire since a constant load had to be 
sustained for a long period of time. One end of the metal strip was inserted into the 
bracket slot while a load weight of 43 g (E) was placed on the other end of the strip at a 
distance of 50 mm from the slot. A threaded rod and washer (F) and rubber bands size 3.5 
inch x 1/16 inch were used to sustain the load weight. The load weight assembly (D, E, 
and F) was placed in a plastic tube (G) filled with honey (H), which served as a shock 
absorber when bracket failure occurred. This miniature dash-pot would prevent any 
impact force from transmitting to the adjacent bracket-strip assembly, which may occur 
during failure. Tap water was placed on the brackets and the entire apparatus was kept in 
a sealed container at 100% humidity to simulate the oral environment. Besides 
maintaining the humidity, brackets were wet with water drops using a disposable pipet 
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each time the container was checked. Time of breakage was recorded everyday for the 










   
Figure 1.13. Static fatigue apparatus.
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CHAPTER ONE - RESULTS 
 
1) Fracture resistance of the esthetic brackets to archwire torsion (torque test): 
 
 The torque value required to fracture each bracket was calculated by multiplying 
the fracture load (g) by the pulley radius, which was 25 mm. Thus, the torque value was 
measured in gm.mm. The torque angle at failure was calculated by converting the linear 
displacement of the string (in millimeters), needed to twist the wire until failure, to 
rotational motion (in degrees). The degree of torsional rotation was calculated with the 
following formula: 
Torsion angle (θ) = (Actual extension (mm) x 360 o) / π x 50 (mm)) 
Where 
Actual extension = the actual amount of extension occurred before fracture 
π = 3.14 
50 = the diameter of the drum. 
 
The mean torque values and degrees of torsion necessary to fracture the brackets 
were determined and compared (Figure 1.14 and Table 1.1). One-way Analysis of 
Variance (one-way ANOVA) and Tukey-Kramer Honestly Significant Difference 






Overall, there were statistically significant differences among the tested brackets 
(p < 0.0001). Standard YZ brackets were statistically significantly stronger than any other 
tested material with a mean of 11,902 gm.mm (p < 0.05) while Mark II showed the 
lowest resistance to fracture with a mean of 3,467 gm.mm, which was statistically 
significant (p < 0.05). However, no statistically significant difference was detected when 
Mystique was compared to MZ100 and Lava Ultimate (p > 0.05). Miniature YZ showed 
comparable torsional strength to Mystique, MZ100, and Lava Ultimate and significantly 
higher torsional strength than Resolve and Mark II (p < 0.05). The maximum torque 
recorded at failure during testing was 15,098 gm.mm for standard YZ while the minimum 
was 2,500 gm.mm for Mark II (Table 1.2).  The mean torque angle at failure is expressed 
in degrees. The mean torque angle at failure ranged from 15o for Mark II to 41o for YZ. 
The minimum torque angle recorded at failure during testing procedures was 12o for 
MARK II and the maximum recorded was 55.7o for Mystique L1 (Table 1.3). There were 
statistically significant differences between the mean torque angles recorded at failure for 











Table 1.1. Mean torque values in gram-millimeter and torsion angles in degrees at failure 
with standard deviation for each group, and showing comparison performed using Tukey-
Kramer HSD.  
 




Torsion angle at 
failure (°) 
Standard YZ  11,902 ± 1,976 A 40.9 ± 6 
Mystique L1 9,352 ± 2,478 B 33.1 ± 13 
MZ100   9,107  ± 1,637 B, C 29.2 ± 5 
Mystique U1 8,433  ± 1,346 B, C 30.8 ± 6 
Miniature YZ 8,138 ± 1,534 B, C 31.3 ± 7 
Lava Ultimate 7,032  ± 1,837 C, D 26.4 ± 5 
Resolve L1 5,406 ± 579 D, E 18.7± 5 
Mark II  3,467  ± 669 E 15.3 ± 3 























Avg 11,902 9,352 9,107 8,433   8,138 7,032 5,406 3,467   
STDEV 1,976 2,478 1,637 1,346 1,534 1,837 579 669 
COV (%) 16.6 26.5 18 15.9 18.9 26.1 10.7 19.3 
Minimum 9,601 6,033 6,642 5,636 6205 4,625 4,727 2,500 
Maximum 15,098 12,898 11,296 10,045 10,839 10,121 6,263 4,354 
 
 
Figure 1.14. Mean torque at failure and standard deviation in gm.mm. Groups with 







































Table 1.3. Torque angle at failure in degrees. 
 
 
Mode of failure during archwire torsion:  
Fracture locations for the tested brackets are summarized in Table 1.4. Tested 
brackets showed fracture at either the incisal or gingival halves or both with the incisal 
fracture being the dominant one. All standard YZ brackets had fracture at the incisal half 
while other materials showed some variation in the fracture locations. Most Mystique L1 
brackets showed complete separation of the broken half rather than chipping. Most of 
Mini YZ brackets showed complete separation of the broken half while 2 were chipped 
which was incisally. Nine out of 10 Mystique U1 brackets showed complete separation of 
the broken half rather than chipping. All Resolve brackets showed complete separation of 















Avg 40.9 33.1 29.2 30.8 31.3 26.4 18.7 15.8 
STDEV 6.4 12.7 5 5.5 6.6 4.6 4.9 3.4 
COV (%) 15.7 38.5 15.5 17.7 21.1 17.5 26 21.5 
Minimum 33.2 15.4 23.6 21.9 24.3 19.9 13.2 12 




Table 1.4. Mode of failure for each group (n = 10 per group) during archwire torsion. 


















10 1 5 7 6 5 ___ 3 37 
Gingival half 
 
___ 8 4 2 4 2 3 7 30 
Incisal + gingival 
halves 
 
___ 1 ___ ___ ___ 3 7 ___ 11 
Incisal half + mesio-
gingival wing 
 
___ ___ 1 ___ ___ ___ ___ ___ 1 
Disto-incisal wing 
 
___ ___ ___ 1 ___ ___ ___ _ 1 
 *Shaded area indicates the major fracture locations
  








2) Fracture resistance of the esthetic brackets to archwire tipping (tipping test): 
The tipping moments values and tipping angles were calculated using the same 
used to calculate torsional moments and angles. The mean tipping moments and degrees 
of tipping necessary to fracture the brackets were determined and compared (Figure 1.15 
and Table 1.5). One-way Analysis of Variance (one-way ANOVA) and Tukey-Kramer 
Honestly Significant Difference (Tukey-Kramer HSD) were performed for the data set of 
each test at a 0.05 level of significance. In general, there were statistically significant 
differences among the tested brackets (p < 0.0001). Standard YZ brackets showed 
statistically significant higher resistance to tipping forces than any other tested material 
with a mean of 27,194 gm.mm (p < 0.05) while Mark II showed the lowest resistance to 
fracture with a mean of 5,430 gm.mm, which was statistically significant (p < 0.05). 
However, no statistically significant difference was detected when Resolve was 
compared to MZ100 and Lava Ultimate (p > 0.05). Moreover, No statistically significant 
difference detected between Mystique U1 and L1 (p > 0.05). 
 
The mean tipping moments at failure for the tested brackets ranged from 5,430 
gm.mm for Mark II to 27,194 gm.mm for YZ. The maximum tipping moment occurred at 
failure during testing was 33,133 gm.mm for YZ while the minimum was 3,122 gm.mm 
for Mark II (Table 1.6). The mean torque angle at failure is expressed in degrees (Table 
1.7). The mean tipping angle at failure ranged from 7.6o for Mark II to 48o for YZ. The 
minimum tipping angle recorded at failure during testing procedures was 3.7o for MARK 
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II and the maximum recorded was 21.1o for Standard YZ. There were statistically 
significant differences between the mean tipping angles recorded at failure for the tested 
brackets (p < 0.0001). 
 
Mode of failure during archwire tipping: Fracture locations for the tested brackets are 
summarized in Table 1.8. About one third (37%) of the tested brackets showed fracture at 
the distoincisal wing. 60% of standard YZ brackets had fracture at the distioncisal wing 
only while 20% showed fracture of the whole incisal half. One standard YZ bracket had a 
very small chipping undetected by human eye at the distoincisal wing. Mark II brackets 














Table 1.5. Mean tipping moment values in gram-millimeter and tipping angles in degrees 
at failure with standard deviation for each group, and showing comparison performed 
using Tukey-Kramer HSD.   




Tipping Angle at Failure 
(°) 
Standard YZ  27,194 ± 4,216 A 48 ± 19 
Mystique U1 15,522 ± 2,066 B 26.6 ± 4 
Mystique L1 15,035 ± 2372 B 19.3 ± 4 
Lava Ultimate 10,932 ± 2799 C 12.7 ± 4 
Resolve L1 10,051 ± 1,690 C 12.5 ± 2 
MZ100  8,860 ± 1,897 C 14.8 ± 2 
Mark II  5,430 ± 1341 D 7.6 ± 2 
























MZ100 Mark II 
Avg 27,194 15,522 15,035 10,932 10,051 8,860 5,430 
STDEV 4,216 2,066 2,372 2,799 1,690 1,897 1,341 
COV (%) 15.5 13.3 15.8 25.6 16.8 21.4 24.7 
Minimum 19,280 12,331 12,230 8,523 7,212 6,289 3,122 
Maximum 33,133 18,571 19,080 17,658 12,617 11,250 6,871 
 
 

































































MZ100 Mark II 
Avg 48 26.6 19.3 12.7 12.5 14.8 7.6 
STDEV 18.7 4 4 4.3 1.9 1.7 2.4 
COV (%) 38.9 14.5 20.5 33.6 15.2 11.3 31.8 
Minimum 21.1 19.8 12.2 6.8 8.8 12.7 3.7 































6 7 ___ 5 ___ 7 1 26 
Gingival half 
 
___ ___ 5 ___ 6 ___ 5 16 
Incisal half 
 
2 1 4 ___ ___ ___ 3 10 
Gingival half + Disto-incisal 
wing  
___ ___ ___ 2 ___ 2 1 5 
Incisal + gingival halves 
 
___ ___ 1 ___ 4 ___ ___ 5 
Incisal half + mesio-
gingival wing  
___ 1 ___ ___ ___ 1 ___ 2 
Very slight chipping 
undetectable by human eye 
 
1 ___ ___ ___ ___ ___ ___ 1 
Disto-gingival wing minor 
chip 
 
1 ___ ___ ___ ___ ___ ___ 1 
Disto-incisal +mesio-
gingival  wings  
___ 1 ___ 3 ___ ___ ___ 4 
*Shaded area indicates the major fracture locations 













3) Effect of static fatigue on esthetic orthodontic brackets: 
The results recorded from the static fatigue test are presented in Table 1.9. The data was 
analyzed using Kaplan Meier Survival analysis (Figure 1.16) and Cox proportional 
hazards regression (Figure 1.17). Logrank and Wilcoxan tests showed no statistically 
significant difference in the survival of the tested brackets under static fatigue (P > 0.05) 
(Table 1.10). YZ brackets had the highest survival rate after 198 days of static torque 
(83%), followed by Mystique (54%), and the lowest survival rate was recorded for 
MZ100 (50%) (Table 1.11). YZ brackets showed the lowest risk ratio compared to 
Mystique (0.31) and MZ100 (0.19) brackets under static fatigue (Table 1.12). 
 
Table 1.9. Number of days to failure or end of static fatigue test. 
 
 
X: Broke instantly while preparing apparatus and were excluded 
S: Survived; differences in survival days are due to variation in test start date for a 
specific sample. 
Fx: Found fractured during test period (probably due to fatigue) 
C: Censored (broke while adjusting apparatus) 
d = days 
 
 
    
 
Specimen number 




















































Figure 1.16. Kaplan-Meier non-parametric estimates of the survival functions for each 
group. This plot represents the estimated proportion of samples surviving over time.  
 








Table 1.11. Survival Rate after 198 days of static fatigue for each group. (Torque = 
2,957.5 gm.mm). 
Group Survival Rate after 198 days 
YZ U1 83% 
Mystique U1 54% 
MZ100 U1 50% 
 
 
Cox proportional hazard model: 
 






Table 1.12. Risk ratio between tested brackets under static fatigue. 
 
 
Cox proportional hazards regression revealed that there was no statistically 
significant difference amongst the different groups in term of the risk of failure in a given 
time interval (P > 0.05); however, the risk of failure in a given time interval was 5 times 
higher for MZ100 than YZ (P = 0.13). The risk of failure in a given time interval was 3.2 
times higher for Mystique risk than YZ (P = 0.27). The risk of failure in a given time 












CHAPTER ONE - DISCUSSION 
1) Fracture resistance of the esthetic brackets to archwire torsion (torque test): 
This study was designed to investigate the strength of esthetic brackets made of 
different materials during archwire torsion in vitro. The results showed that the mean 
torque at failure ranged from 3,466.8 for MKII to 11,902.4 for standard YZ. This range is 
well above the recommended torque values for a maxillary central incisor, which were 
reported by several authors in the literature and varied from 1,035 to 2,373 gm.mm. (64-
68) However, stresses during orthodontic treatment are more complicated and difficult to 
measure. Clinically, brackets are subjected to two or more different stresses 
simultaneously like torque, tipping and/or chewing stresses and thus resulting in larger 
stresses. Moreover, clinicians sometimes may need greater forces than those reported to 
overcome other forces they are using. In addition, direct trauma could also cause greater 
forces, which may lead to bracket fracture. In other words, determining the amount of 
clinical torque or stresses applied on the brackets would be difficult. Moreover, surface 
cracks or fatigue may lower bracket strength, leading to failure at loads lower than those 
reported in this study. The brittle fracture behavior of ceramic brackets was investigated 
and studies have shown that their fracture resistance could be significantly reduced by 
surface cracks and flaws. Cracks may propagate easily in ceramic materials due to a lack 




Statistically significant differences among the tested brackets were detected 
(p<0.0001). YZ brackets had statistically significant higher torsional strength than any 
other group and caused significant wire distortion; this high level of stress would not 
normally be reached during treatment. This is not surprising; studies have shown that 
zirconia is the strongest dental ceramic material so far. It has superior flexural strength 
and fracture toughness compared to other dental ceramics (Table 1.13). (19, 20) Milling 
and slot cutting procedures probably caused flaws and internal stresses in the fabricated 
brackets that were probably relieved during sintering of YZ brackets in contrast to 
MZ100, Lava Ultimate, and Mark II that were tested directly after milling without further 
treatment. Although this might have contributed to lower strength values recorded for the 
latter three groups, it might not be significant. MZ100 brackets were significantly 
stronger than Mark II. This is in agreement with the findings of a recent study by Ziadeh 
et al in which MZ100 and Mark II brackets were fabricated using Cerec inLab and 
evaluated during torque; however, the actual mean values were different than those 
obtained in the present study. The mean torsional strengths reported by Ziadeh et al was 
3,244.8 gm.mm for MZ100 and 2,194 gm.mm for Mark II. (44)The difference may be 
due to different slot and wire size used by those investigators, which was 0.021” x 0.025” 
wire in a 0.022” slot. Although the flexural strength of alumina was reported to be almost 
twice the strength of MZ100 (Table 1.13), the present study revealed no statistically 
significant difference between torsional strength of MZ100 resin composite and Mystique 
alumina when tested in the design of an orthodontic bracket (Table 1.1). Cutting or 
processing procedures done to make the brackets could be a factor that contributed to the 
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relative decrease in alumina strength. Moreover, a previous study by Addiego et al(43) 
indicated that the mean torsional fracture strength of MZ100 was statistically 
significantly lower than those of commercial alumina brackets. This contradicts the 
findings of the present study. This could be caused by factors related to differences in the 
study design such as the method of bracket fabrication; Addiego et al (43)used Celay 
system and small diamond disks for bracket and slot preparation. Several authors 
investigated the fracture strength of commercially available alumina brackets during 
archwire torsion and reported a range of 3,706 to 9,316 gm.mm. (36-38) The mean 
strength of Mystique U1 alumina brackets recorded in the present study was 8,433.1 
gm.mm, which is closer to the mean strength reported by Aknin et al(37) for Allure IV 
polycrystalline alumina brackets that was 8,382 gm.mm; on the contrary, it is more than 
twice the mean reported for alumina brackets tested by Nishio et al(38), which was 3,528 
gm.mm for Clarity alumina brackets with stainless steel slot. Moreover, MZ100 and Lava 
Ultimate composite brackets evaluated in this study had a mean strength of 9,107.2 
gm.mm and 7,031.9 gm.mm, respectively and these are much higher than the mean 
strengths of the polycarbonate brackets tested by Nishio et al(38), which were 1,463.6 
gm.mm for conventional polycarbonate brackets and 2,142 gm.mm for polycarbonate 
brackets reinforced with stainless steel slot. Comparisons with previous studies may not 
be relevant due to several factors, such as differences in brackets size and design, 
manufacturing process, slot and wire sizes, experiment design and testing apparatus, or 
different tested materials. For instance, the size of the bracket slot and the wire used by 
Nishio et al was 0.022” x 0.028” and 0.021” x 0.025”, respectively; however in the 
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present study, size 0.018” x 0.025” was tested for both the slot and the wire to minimize 
the gap between the wire and the slot. Besides the wire and slot size, the type of bracket 
material and design are also important variables that probably contributed to having 
different results.    
 
 
Table 1.13: Flexure strength, elastic modulus, and fracture toughness comparison.  






toughness   
(MPa m ½) 
Mark II (69) Feldspathic 
porcelain 
154 ± 15 63 ± 0.5 1.7 ± 0.1 
MZ100 (21, 24) Resin based 
composite  
145 ± 17 12 1.3 ± 0.1 
Lava Ultimate (70) Resin based 
composite 
204 ± 19 12.77 ± 0.99 2.02 ± 0.15 
Polycrystalline 
Alumina (99.9% 
purity and sintered) 
(33)  
Alumina 280  390    3 - 5.3  
Vita In-Ceram YZ 
(71) 
3 weight % 
yttria- stabilized 
zirconia 






Mystique, in both sizes: U1 and L1, exhibited significantly higher resistance to 
fracture during torque than Resolve L1 though all are made of polycrystalline alumina. 
This is probably due to the differences in the bracket design and dimensions. In a study 
by Gosh and colleagues, it was demonstrated that the ceramic bracket design and 
dimensions could have a significant effect on the stress distribution and thus the bracket 
strength. Mystique brackets have isthmus connecting the wings whereas Resolve brackets 
lack this feature. The isthmus presence in ceramic brackets aids in better stress 
distribution. Also, Resolve brackets are narrower mesiodistally than Mystique ones. (46) 
The isthmus feature and thicker material of mystique brackets may have contributed to 
their higher resistance. The manufacturing process was discrete.  
Miniature YZ brackets had significantly lower profile: 0.03 inch less than Mystique U1, 
0.023 inch less than Mystique L1, 0.021 inch less than Resolve L1; and almost half the 
incisogingival height of all other tested brackets (2mm difference). Nevertheless, 
miniature YZ brackets were comparable to Mystique U1 and L1 brackets in their 
torsional strength and even statistically significantly stronger than Resolve. These 
findings are promising and suggest considering Zirconia brackets as a substitute or at 
least alternative for alumina esthetic brackets. 
In this study, fracture at the incisal half was the dominant mode of failure 
followed by the gingival half. These findings are in agreement with the previous studies. 
(36-38, 46) Ghosh et al(46) studied the stress distribution pattern in commercially 
available ceramic brackets and showed that during palatal torque of maxillary incisors, 
stresses were mainly concentrated at the points of force application which are: the 
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junction between the slot gingival wall and the bracket frontal surface, and the junction 
between the slot incisal wall and the slot base. Previous studies assessed the fracture 
locations of maxillary incisor ceramic brackets subjected to palatal root torque and found 
that the complete fracture of the incisal half was the dominant mode of failure in non-
twin brackets in which mesial and distal wings are connected, followed by the gingival 
half fracture where stresses probably dissipated over a greater surface area. (36-38) All 
standard YZ brackets tested in the present study had incisal half fracture, which suggests 
that they may have more consistent stress distribution and consequently mode of failure. 
All Standard YZ brackets in this study showed fracture of the incisal half while other 
materials showed some variation in the fracture locations, which suggests that standard 
YZ may have more consistent stress distribution and consequently mode of failure. 
Miniature YZ showed predominance of the incisal half failure over the gingival half. 
However, fracture of the gingival half only was more frequent in Resolve and Mystique 
L1 brackets, which was 70% and 80%, respectively. 70% of Mystique U1 brackets had 
complete separation of both halves. These variations are probably due to different stress 
distributions that could be related to differences in brackets’ materials, design and 
geometry, or manufacturing processes. Similarly, Holt et al(36) tested six commercially 
alumina brackets from different manufacturer; four groups were polycrystalline alumina 
and showed predominance of the incisal half failure, however, Quasar polycrystalline 
alumina brackets showed more frequent gingival half fracture and Starfire 
monocrystalline alumina brackets revealed unpredictable susceptibility to fracture. 
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The mean torque angle at failure ranged from 15.8o for Mark II to 40.9o for standard YZ, 
which is higher than the range reported by Holt et al(36) that was from 9.5o to 17.8o  but 
lower than the range reported by Aknin et al(37) that was from 32.7 o to 68.1o. It might 
not be precise to compare this range to other studies because of differences in study 
design like bracket slot and wire sizes used that affect the angle of freedom of the wire 
within the bracket slot or wire/slot play. In other words, Holt et al(36) used an 0.0215 × 
0.028- inch archwire in 0.022 x 0.028-inch slots brackets while Aknin et al(37) used an 
0.0215 × 0.027- inch archwire in 0.022 x 0.028-inch slots. However, in this study an 
0.018× 0.025- inch archwire in 0.018 x 0.025-inch slots was used that should have better 
fit and no or minimal wire/slot play. The reason why Aknin et al(37) had higher angles 
could be probably to the greater wire/slot play that needs the  wire to twist more before 
fully engaging the slot and expressing the actual amount of torque. 
All tested brackets showed acceptable resistance to archwire torsion, nevertheless, more 
studies are recommended to investigate the fatigue effect on these esthetic brackets over 
time, and to verify its behavior clinically since many factors are difficult to simulate in 
vitro, such as biological tooth movement and bone response during load application, and 
oral cavity temperature and pH changes. 
 
2) Fracture resistance of the esthetic brackets to archwire tipping (tipping test): 
This study was designed to investigate the strength of esthetic brackets made of 
different materials during archwire tipping in vitro. The tested brackets showed 
statistically significant differences in their resistance to wire tipping (p<0.0001).  
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Zirconia had the highest strength under archwire tipping among the tested brackets with a 
mean force at failure of 1088 g and caused significant wire distortion. The minimum 
force at failure recorded within zirconia samples was 771.2 g and that is 4.5 times higher 
than highest value reported in the literature for the recommended mesiodistal tooth 
uprighting forces clinically, which is 170 g. There are several ranges of tooth tipping 
forces reported in the literature. (3, 65, 72, 73) The range from the lowest to highest value 
is 50 to 170 grams. In a study by Newman, it was found that the range of the “optimal 
force” for mesiodistal uprighting of the premolars is 4 to 6 ounces, which is about 113.4 
to 170.1 g, while the application of a tipping force of 8 ounces (226.8 g) led to root 
resorption. (65) Proffit stated that the optimal force for root uprighting ranges from 50 g 
for incisors to 100 g for multirooted posterior teeth. (3) Retain found that the optimum 
tipping force of maxillary incisors was from 50 to 75 g. (73) Jarabak and Fizzell 
suggested that the effective force for tipping maxillary incisors is from 65 to 95 g. (72)  
In this study, MKII brackets had the lowest mean moment and mean force at failure, 
which were 5,430.2 gm.mm and 217.2 g respectively. The minimum force at failure 
recorded in this study was 125 g for a MKII bracket, which is within the range of the 
recommended clinical mesiodistal uprighting forces; however, stresses during 
orthodontic treatment are more complicated and difficult to measure. Clinically, brackets 
are subjected to two or more different stresses simultaneously like torque, tipping and/or 
chewing stresses and thus resulting in larger stresses. Moreover, clinicians sometimes 
may need greater forces than those reported to overcome other forces they are using. In 
addition, direct trauma could cause forces higher than those reported which may lead to 
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bracket fracture. In other words, determining the amount of clinical torque or stresses 
applied on the brackets would be difficult. Moreover, surface defect or fatigue overtime 
may lower brackets strength, leading to failure at loads lower than those reported in this 
study. The brittle fracture behavior of ceramic brackets was investigated and studies have 
shown that their fracture resistance could be significantly reduced by surface cracks and 
flaws. Cracks may propagate easily in ceramic materials due to a lack of plastic 
deformation. (10, 11)   
 
Since the moment of the force is determined by both the force magnitude and the 
perpendicular distance between the point of force application to the axis or center of 
resistance, it is more accurate to consider, not only the force magnitude, but also the 
distance. The range of the mean moments at failure calculated in this study was from 
5,430 gm.mm for MKII to 27,194 gm.mm for YZ. Lindauer et al. (41) estimated the 
second moments needed for tipping teeth clinically and found that they range from 600 
gm-mm to 3,500 gm-mm, which are below those required to fracture the brackets tested 
in this study. However, as illustrated previously, stresses during orthodontic teeth 
movement are rarely or even never pure. In addition, fatigue could have a significant 
effect on lowering ceramic brackets strength. Thus, brackets with fracture resistance 
higher than those reported theoretically are desirable to withstand complex stresses on the 
long run. Zirconia brackets showed fracture strength during tipping that is 2.7 and 1.8 
times higher than these of Resolve and Mystique, respectively, which is promising and 
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suggests considering Zirconia brackets as a substitute or at least alternative for 
conventional alumina esthetic brackets.  
 
The results of the present study showed that MZ100 brackets were statistically 
significantly stronger than Mark II, however, a study by Ziadeh et al revealed no 
statistically significant difference between MZ100 and Mark II brackets that were 
fabricated using Cerec inLab and evaluated during tipping; The mean tipping strengths 
reported by Ziadeh et al were 7,622 gm.mm for MZ100 and 8,017 gm.mm for Mark II. 
The difference may be due to differences in study design such as different slot and wire 
size used by those investigators, which was 0.021” x 0.025” wire in a 0.022” slot. Ziadeh 
also reported that both MZ100 and Mark II had statistically significantly lower mean 
fracture resistance during tipping than those for Transcend polycrystalline alumina 
ceramic brackets tested (19, 898 gm.mm). (44)The flexural strength of alumina was 
reported to be almost twice the strength of MZ100 (Table 1.13). This supports the finding 
of the present study where Mystique alumina brackets showed mean tipping strength that 
is almost twice the MZ100 brackets (Table 1.5). A previous study by Addiego et al(43) 
indicated that the mean torsional fracture strength of MZ100 (7,225 gm.mm) was 
statistically significantly lower than those of commercial alumina brackets including a 
previous generation of Mystique (20,625 gm.mm). This is in agreement with the findings 




Several authors investigated the fracture strength of commercially available 
polycrystalline alumina brackets during archwire tipping and reported a wide range of 
1,080 gm.mm to 35,291 gm.mm. (40, 41, 43, 44) The mean strength of polycrystalline 
alumina brackets recorded in the present study ranged from 10,051 gm.mm for Resolve 
L1 to 15,522 gm.mm for Mystique U1, which is closer to the range reported by Addiego 
et al(43):15,525 gm.mm for Transcend U1 to 20,625 for gm.mm Mystique U1. 
Comparisons with previous studies may not be relevant due to several factors, such as 
differences in brackets size and design, manufacturing process, slot and wire sizes, 
experiment design and testing apparatus, or different tested materials. For instance, the 
size of the wire used by Lindauer et al (41) was 0.017” x 0.025” engaged in 0.018” x 
0.025”-slot, thus there was larger gap between the wire and the slot which could explain 
the higher value (35,291 gm.mm) reported by Lindauer et al (41) while the other studies 
used full size wire (0.018” x 0.025”) engaged in 0.018” x 0.025”-slot. 
 
Both Resolve and Mystique brackets are made of polycrystalline alumina; 
however, Resolve brackets are considered twin brackets since they lack the isthmus part 
that connect the wings together. Ghosh et al. found that the design of ceramic bracket 
could affect the stress distribution during archwire tipping or torsion and demonstrated 
that twin brackets were less likely to resist stresses than those who had isthmus 
connecting the wings. (46) This could be the reason Resolve failed at statistically 
significant lower moments compared to Mystique L1 in the present study. Another reason 
could be that Resolve brackets are narrower mesiodistally by 0.2 mm on average 
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compared to Mystique L1. Lindauer et al. (41) reported that lateral incisor ceramic 
brackets showed significantly lower fracture resistance to archwire tipping forces than 
central incisor brackets of the same manufacturer. That could be due to the narrower 
width of lateral incisor brackets that caused the force couples of the tipping moments to 
act at smaller distances from each other and less material to support the applied load or 
stress. On the contrary, there was no statistically significant difference between the 
fracture resistance of Mystique upper central incisor (U1) and lower incisor (L1) although 
Mystique L1 brackets are narrower mesiodistally than Mystique U1 brackets by 0.75mm 
on average. This indicates that the design could have a more significant effect than minor 
size differences. Ghosh et al demonstrated that design difference as lacking isthmus, 
abrupt change in geometry or irregularity, and lack of smooth wall transitions and large 
defects in the areas of stress concentration (i.e. the corners of the base of the wire slot) 
could cause a bracket to have a lower resistance to the applied force. (83)  
 
Investigation of the mode of failure or fracture location pattern may provide some 
information about stress distribution during applied tipping. In this study distal root 
tipping or mesial crown tipping was performed if we assume the tooth was upper right 
central incisor. Theoretically, direct stresses would be applied to the mesiogingival and 
distoincisal wings to cause that distal root tipping of upper right central incisor. Rhodes 
and his colleagues studied the fracture resistance of commercial alumina brackets to 
archwire tipping and named the wings that received direct stresses during tipping as 
“stressed wings” and those are expected to fracture either independently or 
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simultaneously as they indicated. They demonstrated that during mesial root tipping, the 
distogingival and mesioincisal wings would be the stressed ones while distal root tipping 
would concentrates stresses on the opposite wings (40) In addition, Ghosh and his 
coworkers, in their study about analyzing the stress distribution pattern in ceramic 
brackets during tipping force application, supported those findings of Rhodes et al and 
showed that during distal root tipping the main stresses were consistent with the force 
application areas, which are the junction of the mesial bracket surface with the gingival 
wall of the slot and the junction of the distal surface with the incisal wall of the slot. 
However, stresses were concentrated on the opposite areas with the action of mesial root 
tipping forces. (40, 46) These findings are consistent with the predominant location of 
bracket fractures found in this study as 37% of the tested brackets showed failure at the 
distoincisal wing only. 
 
The mean tipping angle at failure ranged from 7.6o for Mark II to 48o for standard 
YZ, which is higher than the range reported by Rhode et al(40) that was from 3.8o to 7o 
for fully engaged 0.018” polycrystalline alumina brackets. It might not be relevant to 
compare this range to other studies because of differences in study design. 
Overall, all tested brackets showed acceptable resistance to archwire tipping, 
nevertheless, more studies are recommended to investigate the fatigue effect on these 
esthetic brackets over time, and to verify its behavior clinically since many factors are 
difficult to simulate in vitro, such as complex stresses, biological tooth movement and 





3) Effect of static fatigue on esthetic orthodontic brackets: 
 
The determination of fatigue properties is of considerable importance for materials 
used intraorally. Fatigue tests are performed by subjecting a specimen to stress values 
less than failure stress until fracture occurs. In general, the cause of material failure is 
lack of homogeneity. Imperfections lead first to the development of microcracks, which 
coalesce and ultimately lead to a macroscopic crack and failure. Areas of stress 
concentration, such as surface defects and notches, are particularly dangerous and can 
lead to catastrophic failure. (6) This study concentrated on static load or fatigue, since it 
relates closely to clinical orthodontics and since exactly simulating the oral environment 
regarding biological tooth movement, temperature, chemistry, humidity, chewing and 
swallowing, is very difficult. In this study, 2,957.5-gm.mm palatal root torque was 
applied to three different types of esthetic brackets (Standard YZ U1, MZ100 U1, and 
Mystique U1) over a period of about six and a half months (192 days). The torque used in 
this test is 118.3% (or 18.3% higher than) of the minimum torque at failure value 
recorded in the torsional fracture test, which was 2,500 gm.mm and 85.3% of the lowest 
mean torque at failure recorded, which was 3,467 gm.mm for Mark II brackets. In 
addition, it is 24.6% higher than the highest torque recommended in the literature to be 




This study demonstrated the effect of static-fatigue in all three esthetic brackets in the 
presence of moisture and showed that sub-destructive loading causes material failure. 
This finding is in agreement with previous studies.  Addiego and Pober subjected MZ100 
brackets to static loads for 100 days and revealed that MZ100 brackets do undergo static 
fatigue when subjected to static loads and could exhibit catastrophic failure even when 
loads are of a sub-catastrophic value.(43) Kim and Pober studied the fracture resistance of 
commercial alumina brackets to shear loads and found that there was a significant 
strength reduction following aging in distilled water for 4 months. They also compared 
the strength following 24 hour to 4 month incubation period for Transcend 2000 (Unitek, 
Monrovia, CA) polycrystalline alumina brackets, but no significant difference was 
detected, indicating that the reduction of fracture resistance seemed to occur soon after 
the brackets were immersed in a moist environment and did not significantly decrease 
during a 4 month period. (62) Lee and Pober evaluated the static fatigue behavior of 
different commercial stainless steel and alumina brackets for up to 100 days. They 
noticed that stainless brackets exhibited permanent deformation instead of fracture. 
However, there was a significant difference in the mean torque at failure values among 
the tested alumina brackets. There was a 6 to 30% reduction in torsional strength of the 
alumina brackets from dry to wet aging, which was statistically significant.  (63)  
 
Although statistical analysis using Cox proportional hazards regression for this 
study revealed that there was no statistically significant difference amongst the different 
groups in terms of the risk of failure in a given time interval (P > 0.05), increasing the 
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sample size would have probably shown a significant difference. However, long test 
duration needed and unfortunate fracture of some samples during adjustment by 
incorrectly directed stresses were limitations of this study and did not allow us to get 
enough sample size to detect a significant difference statistically. While the results of this 
test (considering the limitations) were not significant statistically, they could be clinically 
noteworthy. Zirconia brackets showed the highest survival rate (83%) over a period 192 
days when subjected to a relatively large torque that would probably not be reached or at 
least used during orthodontic treatment for a long period of time (P > 0.05). To the best 
of author’s knowledge, there has been no other study to investigate the static fatigue 
behavior of zirconia orthodontic brackets. Borba et al. compared three different 
restorative ceramic materials: Vita In-Ceram YZ, Vita In-Ceram Zirconia, Vita In-Ceram 
AL, and two veneering porcelains (VM7 and VM9) and reported that there was a 
significant effect of the microstructure on slow crack growth (SCG) and mechanical 
behavior of the tested materials and that lifetime predictions showed that YZ (yttria 
stabilized zirconia) was the material with the best mechanical performance. (61) The 
results of the present study also showed that the risk of failure in a given time interval 
was 5 times higher for MZ100 than YZ (P = 0.13). The risk of failure in a given time 
interval was 3.2 times higher for Mystique risk than YZ (P = 0.27). The risk of failure in 
a given time interval was 1.6 times higher for MZ100 risk than Mystique (P = 0.58).  
 
Further investigation would be beneficial to verify static fatigue effect over a 
longer period of time and on larger number of brackets. Since the duration of orthodontic 
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treatment is generally two years with torsional force application occurring during the 
latter part of the treatment sequence, future studies evaluating static fatigue of zirconia 
brackets with longer periods would be very beneficial. Moreover, it is important to 
mention that the environment a material is subjected to is a critical factor in determining 
fatigue properties. Any environmental agent that can degrade a material will reduce 
fatigue strength. Therefore elevated temperatures, humidity, aqueous media, biological 
substances, and pH deviations away from neutral can all reduce fatigue properties. Since 
humidity was the only parameter simulated in our test, the fatigue data may not be 















CHAPTER ONE - CONCLUSIONS 
 Within the limitations of this in vitro study, we conclude that:  
• Zirconia had the highest torsional strength among the tested esthetic brackets (P < 
0.05).  
• Miniature zirconia brackets showed comparable or even statistically significantly 
higher resistance to archwire torsion than the bulkier commercial alumina 
brackets.  
• Zirconia had the highest strength during archwire tipping among the tested 
esthetic brackets (P < 0.05).  
• Resistance of MZ100 and Lava Ultimate composite resin brackets to archwire 
torsion was comparable to commercially available alumina ceramic brackets (P > 
0.05). 
• Zirconia brackets showed the highest survival rate of 83% over a period 192 days 
when subjected to 2957.5 gm.mm torque, a relatively large value that would 










CHAPTER TWO – ABSTRACT 
 
FABRICATION OF ESTHETIC ORTHODONTIC BRACKETS IN DIFFERENT 
SHADES AND COMPARING THEM TO COMMERCIAL ALUMINA 
BRACKETS UNDER DIFFERENT LIGHTS 
 
 Available commercial ceramic brackets are made of alumina either 
monocrystalline or polycrystalline, each comes in one shade only: transparent or 
translucent, respectively. Objectives: To fabricate esthetic brackets in different shades 
equivalent or comparable to natural tooth shades, and compare them to commercial 
ceramic brackets. Also, to evaluate effect of metamerism or different illuminants on 
brackets’ shade matching. Materials and methods: CAD/CAM technology (Cerec 
inLab, Sirona) was used to mill brackets from different esthetic materials: ParadigmTM 
MZ100 and LavaTM Ultimate shade A3 resin composite (3M ESPE); Mark II shade A3 
feldspathic porcelain (Vita Zahnfabrik); In-Ceram® YZ zirconia and VITA In-Ceram 
2000 AL (Vita Zahnfabrik). YZ and alumina brackets were colored to closely match 
shade A3 using Praseodymium (III) acetate hydrate (0.1 g/dl) and Iron (II) acetate (2g/dl) 
solutions, respectively. Digital photographs were taken of the shaded brackets (n=4 per 
group) against A3 acrylic denture teeth mounted in a light box under three different lights 
(daylight, fluorescent, and incandescent) to compare them to commercial alumina 
brackets: Inspire ICETM (Ormco); Radiance PlusTM (American Orthodontics); Avex® CX 
(Opal Orthodontics); Mystique® MB (Dentsply GAC). Adobe Photoshop software was 
used to determine ΔE values between the brackets and A3 acrylic teeth. Results: The 
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bracket type and/or light source had a statistically significant effect on the ΔE or color 
matching. Under daylight, Radiance Plus and Lava Ultimate brackets had the smallest 
mean ΔE values, which were statistically significantly smaller than Inspire, Avex, and 
Mystique commercial alumina brackets. Under fluorescent light, Lava Ultimate 
composite resin brackets had the smallest mean ΔE (4.25), which was statistically 
significantly smaller than Inspire, Mystique, and Avex commercial alumina brackets. 
Under incandescent light, Lava Ultimate composite resin brackets had the smallest ΔE 
(4.65), which was statistically significantly smaller than Mystique, Avex, and YZ control 
brackets. Brackets’ shade matching under incandescent light showed statistically 
significantly smaller ΔE values compared to daylight and fluorescent light (for Inspire, 
Avex, and Mystique commercial alumina brackets). Conclusions: Orthodontic brackets 
can be produced in natural tooth shades, which would enhance their esthetic appearance. 
Commercial polycrystalline alumina brackets had statistically significantly larger mean 
ΔE values and thus less appealing shade matching compared to commercial 
monocrystalline alumina brackets and shaded experimental brackets under daylight. Light 








CHAPTER TWO - INTRODUCTION 
 
Facial esthetics is considered an integral part of orthodontic treatment. 
Orthodontic patients, especially adults, demand high esthetics not only at the end result 
but also even during orthodontic therapy. This has led to a great development in 
orthodontic appliances. The fixed facial bracket system has been the gold standard of 
orthodontic treatment although different approaches such as: lingual orthodontics and 
clear aligner therapy (Invisilign; Align Technology, Inc, Santa Clara, Calif) have been 
introduced. Lingual appliances, where attachments are placed on the lingual surfaces of 
the teeth, significantly increase the difficulty, duration and cost of treatment. Invisalign® 
technology is a sequence of clear plastic removable aligners with incremental changes to 
align teeth gradually, designed and machined using computer-aided design/computer-
aided manufacturing (CAD/CAM) technology. Although these appliances offer better 
esthetics, they are not indicated for correction of severe malocclusions where 
conventional fixed appliance is needed at least in the initial phase of the treatment. 
 
Bracket materials have gone through pronounced evolution. Gold was the 
material utilized for fabrication of the first orthodontic brackets, which was presented by 
Angle in 1915. Stainless steel replaced precious metals as it became available in the late 
1930s and has become the standard due to better performance and cost. In the 1980s, 
titanium was introduced as an alternative to stainless steel since the latter contains a 
significant amount of nickel, which is a potentially allergenic material. Due to allergic 
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responses, some European countries are now considering a ban on steel orthodontic 
appliances.(3) In an effort to make orthodontic brackets less obvious, non-metallic plastic 
orthodontic brackets were introduced in the early 1970s and were made initially of 
acrylic and later of polycarbonate. (35) However, the popularity of plastic brackets 
diminished because of their low staining resistance and insufficient mechanical 
properties. Ceramic brackets were first marketed in 1980’s. Ceramic brackets offered 
better esthetics and color stability and resistance to staining; they also had higher strength 
and resistance to deformation and wear compared to plastic brackets. Commercially 
available ceramic brackets are either monocrystalline alumina (sapphire) or 
polycrystalline alumina. Monocrystalline alumina brackets are transparent or clear while 
the polycrystalline brackets are translucent. Ceramic brackets offer better esthetics 
compared to their metal counterparts, however, the shade of the available ceramic 
brackets can still be distinguished from natural teeth and ceramic brackets are offered 
only in one standard shade/color although dental ceramics are available in various shades 
nowadays. The aims of the present study were to make esthetic brackets in different 
shades equivalent or comparable to natural teeth, and compare them to commercial 
ceramic brackets; and to evaluate effect of metamerism or different light sources on 







CHAPTER TWO - LITERATURE REVIEW 
 
This part begins with defining “color” followed by mentioning some of the factors 
that affect color, last, describing color-measuring methods.  
 
Even though color is usually associated with art, there is actual science behind it. 
Isaac Newton was the first to show that white light could be separated into a continuous 
series of different colors (or wavelengths) known as a spectrum: red, orange, yellow, 
green, blue, indigo, and violet (Figure 2.1). Each hue is defined as a specific range of 
wavelengths. Newton found that color perception results from the light interaction with 
an object. When light is emitted from a light source and hits an object, some of the 
wavelengths are absorbed by the object while others are reflected, transmitted, or emitted 
directly to the eye where they are received by sensory cells on the retina (rods and cones) 
and then translated to a specific color in the brain. An object can appear differently 
colored under different light sources. This can be explained by the fact that no light 
source can emit exactly an equal amount of each wavelength or a perfect “white light”, 
thus affecting color perception. Transmission happens when light passes through a 
transparent or translucent material. The amount of the absorbed wavelengths is 
determined by the composition and density (or thickness) of the material through which 
light passes. Spectral data is the transmitted wavelengths that make the perceived color. 
A totally transparent material allows all the wavelengths to be transmitted through it and 
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is perceived as white while a totally opaque material absorbs all the wavelengths and is 
perceived as black. (74) 
 
Figure 2.1. Dispersion of white light through a prism breaks the light up into the visible 
light spectrum, which ranges from 400 nm for violet to 700 nm for red. (75, 76) 
 
Metamerism is a phenomenon caused by different illuminants and defined as 
matching of two different colored objects to a particular observer under different spectral 
stimuli. Illuminants were classified by the International Commission on Illumination 
(CIE) according to their effect in the perception of color to help standardize visual and 
instrumental analysis of color. The standard illuminants are classified in the A, B, C 
series; D and F were added later. Volpato et al. evaluated the influence of the type of 
illuminant on the color of dental ceramics. They reported that there were significant 
differences for coordinates of chromaticity a* and b* for the illuminants tested (sunlight, 





Two of the most commonly used color systems are: Munsell color system and 
CIE LAB color space. 
 
Munsell color system: 
The Munsell color system was introduced by Munsell in 1905. It is a color space 
that defines colors based on three dimensions: hue, value, and chroma. Hue, where each 
horizontal circle is divided into five principle hues (red, yellow, green, blue and purple); 
value, which varies vertically from black (value 0) at the bottom, to white (value 10) at 
the top; and chroma, measured radially which represents the “purity” of a color with 
higer chroma being more pure or less washed out (Figure 2.2). Munsell color system 
provides a standard reference for describing color. (77, 79) 
 
 
Figure 2.2. Munsell color system. (80)  
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CIE LAB color space: 
CIE LAB is a color space developed by CIE in 1976 based on tristimulus values: 
L, a, and b. It is perceptually linear, meaning that color changes at a constant rate across 
the chart. “L” represents the lightness, where L = 0 represents the darkest black while L = 
100 represents the brightest white. True neutral gray values present at a = 0 and b = 0. “a” 
represents the red-greenness along its axis, where negative a values indicate green while 
positive a values indicate red. “b” represents the yellow-blueness along its axis, where 
negative b values indicate blue while positive b values indicate yellow. The scaling and 
limits of a and b axes depend on the particular application of Lab color but each axis 
usually ranges from −128 to 128. (Figure 2.3).  (81, 82)         
 
ΔΕ can be used to measure color differences between two objects in CIE LAB: 
ΔΕ = ((ΔL)2 + (Δa)2 + (Δb)2 )1/2 
 
Cocking et al. considered ΔΕ value of 1 to be noticeable for normal observers, ΔΕ 
value of 2 or less to be clinically acceptable, ΔΕ value of 2.7 to be a replacement point of 
esthetic dental materials and ΔΕ value of 3.7 as the greatest color difference without 
mismatches perceived. (83); However, Lee et al. reported that no color difference can be 
perceived at ΔΕ value of less than 1, and considered ΔE value of less than 2 to be 
clinically acceptable, and revealed that an appreciable difference should be detected at 
















Shade matching or selection in dentistry can be done either visually using 





Vita has introduced two of the most popular shade guides used in dentistry: Vita 
Classical and Vita 3D Master systems.  Vita classical shade guide system was a 
breakthrough in dental shade matching when it was introduced in 1956 as Vitapan 
Classical (VC, Vita Zahnfabrik, Bad Säckingen, Germany). It was the gold standard for 
decades and it is still one of the most popular shade guides. Nevertheless, it has some 
disadvantages such as a lack of logical and adequate distribution, inconsistency among 
dentists in using the shade guide to match colors, clinicians’ inability to translate results 
from shade guides into CIE LAB color specifications, and environmental errors. (86-88) 
Vita classical shade guide system consists of 16 tabs or shades (A1-D4) arranged into 
four groups based on hue: A, B, C, and D; and arranged within each group with greater 
chroma from 1 to 4 (Figure 2.4). (89) The tabs can also be arranged based on value order: 




Figure 2.4. Vita classical (A1-D4) shade guide. (90) 
 
Vita 3D-master shade guide system was introduced over 10 years ago to provide 
systematic coverage of the entire range of tooth colors. It consists of 26 shade tabs and it 
is based on a color classification principle where the values of lightness, chroma, and hue 
have been positioned at an equal distance from each other (Figure 2.5). Three steps 
should be followed to determine a shade using the Vita 3D-master shade guide. First, 
selection of a value group (1 to 5), then selection of a chroma from 3 options, and lastly 
selection of the hue, which defines whether the tooth has a more yellow or red cast than 
the selected shade sample. Vita 3D-master also has 3 extended bleaching shades. It 
covers a wider range of natural tooth color and offers more systematic shade 
determination compared to the classical shade guide. (91-93)  
Visual determination of shade selection should be done by a well trained and experienced 
professional, otherwise it could be unreliable or inconsistent. Some factors could make 
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color matching with shade tabs difficult to do chair-side like variable viewer 
interpretation and environmental influences such as light source variations, the city where 
the color is being selected and its proximity to the sun, season and weather conditions, 
time of day, and the clinician’s stress level and their previous training for shade selection. 
In addition, shade guides do not represent the entire shade range of natural teeth and the 
shades available are systematically distributed. (78, 94) Okubo et al. reported that 
although shade determination by visual matching could be inconsistent, the accuracy of 
the tested colorimeter (Colortron II) in matching porcelain shade guide teeth was only 









Instrumental matching controls several factors a dental professional might face 
during conventional shade matching. Colorimeters, spectrometers, abridged 
spectrometers, spectrophotometers, spectroradiometers, photometers, imaging systems, 
goniophotometers and glossmeters are examples of instruments that may be used for 
color matching. (77)  
The most commonly used color measuring instruments are colorimeters and 
spectrophotometers. They are used to determine CIE XYZ or L* a* b* values. CIELAB 
or ΔΕ can be used to help in successful matching of a porcelain prosthetic restoration to 
an adjacent tooth. Colorimeters directly measure colorimetric quantities while 
spectrometers determine colorimetric quantities from spectral data. (77, 88)  
 
Colorimeter: 
Colorimeters are called three-range shade matching devices. They work with 
standardized light sources and red (R), green (G), and blue (B) color filters. Their 
function is similar to the color perception of the human eye. The shade match represents 
the additive mixture of red, green and blue approaching most closely the reference tooth, 
expressed in the three values of R, G and B (tristimulus values). An RGB value is 
assigned to each color perception. The RGB value of the reference tooth is then printed 
out with the code of the sample in the selected color key. Reliability depends on correct 





Spectrophotometers are instruments that measure the reflectance from, or the 
transmittance through materials as a function of wavelength. This measurement results in 
a complex data set of reflectance values, which are visually interpreted in the form of a 
spectral curve or color fingerprint of an object presenting the percentage of light 
wavelengths reflected by an object. The major components of a spectrophotometer 
designed for color measurements are: a light source, an object, and a sensor. Light is 
produced from a light source, passes through the object, then is diffracted into a spectrum 
and detected by a sensor. (74, 77, 96, 97)  
 
Measurement values could vary among colorimeters, and between colorimeters 
and spectrophotometers. Some causes are different colorimetric devices and different 
measurement geometries, illuminant variations, colorimeters with different color 
reference filters than spectrophotometers, light dispersion using collimated bundles or 
integration spheres, device calibration, distance of the specimen during testing, or lack of 
linearity between the device and specimen. (78) 
 
In the early 1980s, color-measuring devices designed specifically for clinical 
dental use were introduced and have been developed significantly since then to overcome 
the inherent subjectivity in conventional visual shade matching. An example is Vita 
Easyshade Guide, which is an intra-oral spectrophotometer and consists of a base unit 
wired to its hand piece that measures 16 Vita Classical Shades, 29 3D-master Shades, 
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intermediate shades, and bleached shades. It uses D65 illuminant for shade matching and 
it is easy to use and portable dental shade matching device. Easyshade Guides are 
designed for dental materials that are minimally 0.7 mm in thickness and measuring most 
translucency ranges of teeth. Fazi et al. measured four different veneering porcelain 
systems and revealed no statistical difference between Easyshade Guide and Vitapan 
Classical Shade shade results. (91, 98-100) Vita Easyshade Compact is a cordless, 
lightweight, and portable replacement of the original Easyshade guide (Figure 2.6). It is 
based on 3D-master and classical A1-D4 shades. Vita Easyshade and EasyShade 
Compact became popular and are among the most reliable spectrophotometers used in 
clinical dentistry (98, 101, 102) Okubo et al. reported that the accuracy of the tested 
colorimeter in matching porcelain shade guide teeth was slightly better than conventional 
visual means of shade matching. (94) Another study by Da Silva et al. showed that 
crowns measured with the spectrophotometric system had a better color match and a 







Figure 2.6. VITA Easyshade Compact. 
 
Digital cameras: 
Usage of mega-pixel digital cameras has become commonplace in dentistry 
nowadays. (104) Digital imaging has made the communication between dentists and 
technicians regarding shade matching much easier and more efficient. Digital images 
with the reference shade tabs correctly positioned next to the teeth are very useful and 
present fine details such as surface texture, crack lines, color distribution, translucencies 
and other information under the intra-oral conditions besides dental morphology and 
colors. (105, 106) Shade matching using high quality digital images could enhance the 
communication between clinician and lab technician and eventually lead to more 
successful prosthesis with fewer adjustments. Proficient imaging software like Adobe 
Photoshop could be used to analyze digital images and determine color values. (107) The 
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use of a digital imaging in shade matching overcomes the limitations of contact-type 
instruments: more expensive cost, the small (usually 3 mm) window of the devices may 
not capture accurately the color of the whole tooth surface, difficulties in properly 
positioning the device over the tooth surface, inadequate measurement of the curved teeth 
surfaces using the contact type instruments that are designed for flat surfaces. (108) Most 
of these devices use mean values or intensity histograms for representing the shade zone 
for color labeling and ignore the geometric distribution of color. (109) 
 
Digital photography can be an effective tool in dentistry for shade matching and 
quantification; however, a shade-matching protocol using the correct equipment with 
proper settings should be followed to produce an accurate image for communication. (74) 
 
Tam and Lee established a content-based method for dental shade matching using 
a digital camera and with accuracy comparable to that of colorimetric or 
spectrophotometric analysis. The method reassembled effective color features and 
comprised shade gradation and texture for comparison. They showed that, a digital 
camera could be a tool for dental shade matching. (109) Few studies have been published 
on the usage of digital images acquired by scanning conventional photographs for color 
measurement and determination. (110, 111) Jarad et al developed a new computer 
matching method and reported that it was superior to the conventional matching method. 
10 observers matched the same shade tabs using 2 methods: conventional matching 
method simulated in a phantom head and computerized matching method using images of 
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the shade guide on a computer screen. They obtained color values from the digital images 
using Adobe Photoshop and also conventionally using a reflectance spectrophotometer. 
They found a very high and statistically significant correlation between the 
spectrophotometer and digital camera for all CIE L, a, and b color values. They 



















CHAPTER TWO - OBJECTIVES 
 
• Make esthetic brackets in different shades equivalent or comparable to natural 
tooth shades, and compare them to commercial ceramic brackets. 

































CHAPTER TWO - MATERIALS AND METHODS 
Coloring slices and shade determination: 
 
Yttria-stabilized zirconia blocks (In-Ceram® YZ zirconia, Vita Zahnfabrik, Bad 
Säckingen, Germany) which were 40 x 15 x 14 mm in size and alumina blocks (VITA 
In-Ceram 2000 AL-20 cubes for inLab, and In-Ceram® YZ zirconia (Vita Zahnfabrik, 
Bad Säckingen, Germany) which were 20 x 19 x 15.5 mm in size, were sliced using a 
diamond saw (Isomet 2000 precision saw, Buehler Ltd, USA) to produce pieces of YZ 
zirconia and alumina that were 2mm thick. The sharp edges of the slices were 
smoothened using a 45-micron diamond disc (Variable speed grinder-polisher, Ecomet 3 
machine, Buehler Ltd, USA). Using a tapered diamond bur in a high-speed hand piece, a 
specific number was engraved on each slice for coding purposes. Then, the slices were 
rinsed with distilled water to remove any remaining debris and were allowed to bench 
dry. Aqueous solutions of different water-soluble compounds were prepared at specific 
concentrations using a mechanical analytical balance (Gram-Atic Mettler Co., 




1) Praseodymium (III) acetate hydrate (C2H3O2)3Pr.xH2O 99.9% (Sigma-aldrich 
Inc., Steinheim, Germany); 
2) Iron (II) acetate (C2H3O2)2 Fe 95% (Aldrich Chemical Inc., WI, USA); 
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3) Cerium (III) acetate Ce(C2H3O2)3 .1.5 H2O 99.9% (Alfa Aesar, A Johnson 
Matthey Company, MA, USA); 
4) Nickel (II) chloride (NiCl2) - anhydrous 99% (metal basis) (Alfa Aesar, A 
Johnson Matthey Company, MA, USA); 
5) Neodymium (III) acetate hydrate (C2H3O2)3Nd.xH2O 99.9% (Sigma-aldrich Inc., 
MO, USA); 
6) Cobalt (II) acetate Co(OOCCH3)2.4H2O, Co 24% (Alfa Aesar, A Johnson 
Matthey Company, MA, USA); 
7) Erbium (III) acetate hydrate, 99.9% (ALDRICH); 
8) Manganese (II) acetate Mn(CH3COO)2. 4H2O, MN 22% (typical) (Alfa Aesar, A 
Johnson Matthey Company, MA, USA); 
9) Zinc acetate Zn(OOCCH3)2.2H2O, ACS, 98-101% (Alfa Aesar, A Johnson 
Matthey Company, MA, USA); 
10) Chromium (III) acetate hydroxide Cr3(OH)2(OOCCH3)7, Cr 24% (Alfa Aesar, A 
Johnson Matthey Company, MA, USA). 
 
Findings from a previous study by Bhushan et al were used as a reference to test 
different concentrations of specific compounds. (112) Each solution was dispensed 
slowly into a container with the corresponding specimen, to get a homogenous color by 
minimizing air bubbles that might cause uneven color distribution, until it covered the 
slices completely. Each slice was left immersed in its corresponding solution for 30 
minutes, and then the slices were removed and left to bench dry at room temperature for 
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24 hours at least. The samples were dense sintered at 1530 degrees Celsius in a high-
temperature Vita ZYrcomat furnace (Vita Zahnfabrik, Bad Säckingen, Germany).  
 
The shade of each specimen was determined using a VITA Easyshade Compact 
(VITA Zahnfabrik H. Rauter GmbH & Co.KG, Germany), and then verified visually by 
matching to VITA Classical and 3D-Master Shade Guide (VITA Zahnfabrik H. Rauter 
GmbH & Co.KG, Germany) using a neutral grey background (18% reflectance grey card, 
DGK Color Tools, Boston, MA, USA) under color–corrected full spectrum light (D65, 
Ottlite, OttLite Technologies Inc., Tampa, FL). When a variation or inconsistency 
between Easy shade and visual exam was encountered, the visual reading was used. 
Additional different concentrations of the compounds that provided natural teeth shades 
were tried. Some of the specimens showed a close match to VITA Classical and 3D-
Master Shade Guide (VITA Zahnfabrik H. Rauter GmbH & Co.KG, Germany). 
 
Bracket fabrication and coloring: 
After determining the necessary concentration of the previously mentioned water-
soluble compounds to obtain tooth colored YZ zirconia and alumina specimens, ceramic 
orthodontic brackets were fabricated using CAD/CAM (computer-assisted 
design/computer-assisted machining) technology. Prefabricated polycrystalline alumina 
brackets were scanned using Cerec inLab (Sirona) and used as a master model. Yttria-
stabilized zirconia and alumina blocks were milled to produce ceramic orthodontic 
brackets. The brackets were separated using a tapered diamond bur in a high-speed hand 
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piece & were colored by the same method used for coloring the slices. Brackets were also 
fabricated from feldspathic porcelain-based ceramic (Vitablocs Mark II, Vita Zahnfabrik, 
Bad Säckingen, Germany), resin-based composite: ParadigmTM MZ100 and LavaTM 
Ultimate (3M ESPE, St. Paul, MN, USA) blocks that are commercially available in 
different shades. Digital photographs of colored and commercial brackets against VITA 
classical shade tabs were taken against neutral grey background and under full spectrum 
corrected light. Color mapping and extraction was done using multicolor engine software 
(TinEye Labs, Idée Inc., Toronto, ON, Canada). 
 
Bracket shade comparison under different lights: 
To make this comparison more objective, digital photographs were taken of the 
brackets against matched acrylic denture teeth (shade = A3) mounted inside a light booth 
(Macbeth Judge II light booth, X-rite Inc., Grand Rapids, MI, USA) using one standard 
setting (Figure 2.7). The photographs were captured by a digital camera (Nikon D800E 
36.3 Mega Pixels, Nikon, Japan). The camera setting was on manual mode (M) program, 
which allowed total control of the shutter speed, and aperture size. The shutter speed was 
set at 1/2 second with an aperture of F16 (the higher the number the smaller the lens 
opening). The 'white balance' was on 'daylight mode' and the camera was set at 'normal 
sharpness' and 'standard image adjustment', with 'ISO 100 sensitivity' mode and a macro 
lens with a 100 mm focal length. The digital camera was mounted on a tripod at a 
distance of 48 cm from upper right central incisor. The camera lens was aligned parallel 
to the labial tooth surface and bracket (0 degrees) while the light source simulating 
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intraoral setting was positioned at 45 degrees to the brackets and tooth labial surfaces. 
Silicone index was used to hold the labial surfaces of upper central incisors at 45 degrees 
to the light source (Figure 2.8). No flash was used, so that light came from the light booth 
only. Each specimen was photographed under 3 different lights: daylight, fluorescent, and 
incandescent light (Figure 2.9). 
 
10 groups of brackets were prepared and compared (n=4 per group):  
1. Experimental composite resin brackets fabricated from LavaTM Ultimate 
(3M ESPE, St. Paul, MN, U.S.A) blocks in shade A3. 
2. Experimental composite resin brackets fabricated from ParadigmTM 
MZ100 (3M ESPE, St. Paul, MN, USA) blocks in shade A3. 
3. Experimental feldspathic porcelain brackets fabricated from Vitablocs 
Mark II in shade A3 (Vita Zahnfabrik, Bad Säckingen, Germany). 
4. Experimental zirconia brackets fabricated from yttria-stabilized zirconia 
blocks (VITA In-Ceram YZ, Vita Zahnfabrik, Bad Säckingen, Germany) 
and left non-colored (YZ control). 
5. Experimental zirconia brackets fabricated from yttria-stabilized zirconia 
blocks (VITA In-Ceram YZ, Vita Zahnfabrik, Bad Säckingen, Germany) 
and colored to have a closer match to shade A3 (Vita classical). 
6. Experimental polycrystalline alumina brackets fabricated from alumina 
blocks (VITA In-Ceram 2000 AL-20 cubes for inLab, Vita Zahnfabrik, 
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Bad Säckingen, Germany) and colored to have a closer match to shade A3 
(Vita classical). 
7. Prefabricated monocrystalline alumina brackets (Inspire ICETM, Ormco, 
Orange, CA, USA) 
8. Prefabricated monocrystalline alumina brackets (Radiance PlusTM, 
American Orthodontics, WI, USA) 
9. Prefabricated polycrystalline alumina brackets (Avex® CX, Opal 
Orthodontics, Cologne, Germany). 
10. Prefabricated polycrystalline alumina brackets Mystique® MB (Dentsply 





Figure 2.7. Denture mounted inside the light booth using silicone index, for reproducible 
position, with neutral grey background.   
 
Figure 2.8. Silicone index fabricated to hold the labial surfaces of upper central incisors 








 Figure 2.9. Each specimen was photographed under 3 different lights using the light 




Digital images were then imported into Adobe Photoshop (Adobe Photoshop CC 
2015, Adobe Systems Inc., San Jose, CA, USA) for preparation of the digital color 
measurement. L, a, b value was determined for each bracket and ΔE was calculated in 
comparison to the middle third of upper central incisor acrylic tooth (Figure 2.10). The 
mean ΔE and standard deviations were determined for each group. One-way analysis of 
variance (ANOVA) and Tukey-Kramer Honestly Significant Difference (Tukey-Kramer 
HSD) were performed for the data set using JMP 10 software (SAS Institute Inc., Cary, 







Figure 2.10. Using Adobe Photoshop software to determine L*a*b values. Each image 
was magnified about 45%. Midpoint of the mesioginigival wing of each bracket and 





CHAPTER TWO - RESULTS 
Coloring slices and shade determination: 
 
Table 2.1. Colored zirconia specimens closely matched to VITA shades with the 









Table 2.2. Colored alumina specimens closely matched to VITA shades with the 
































Figure 2.11.  Colored zirconia and alumina brackets compared to control ones against A1 
shade tabs. The image was taken under full spectrum corrected light and using neutral 







Figure 2.12. Color mapping and extraction done for the image in figure 2.11 using 
multicolor engine, showing that colored brackets and matched shade tabs were extracted 






       
 
Figure 2.13. MZ100 and Mark II brackets compared to commercial alumina brackets 
(Inspire and Mystique) against Vita A3 shade tabs. This is a digital photograph taken 







Figure 2.14. Color mapping and extraction for the image in figure 2.13 using multicolor 
engine, showing that commercial monocrystalline and polycrystalline alumina brackets 









Figure 2.15. Digital photograph showing how fabricated composite and porcelain 
brackets had a closer match to teeth shade than commercial alumina brackets. ΔΕ values 




Figure 2.16. Color mapping and extraction for the image in figure 2.15 using multicolor 
engine, showing that commercial monocrystalline and polycrystalline alumina brackets 





Bracket shade comparison under different lights: 
For the objective comparison, each group had 4 brackets and ΔE for each bracket 
was calculated using the following formula: 
ΔΕ = ((L2-L1)2 + (a2-a1)2 + (b2-b1)2 )1/2 
Where  
1 = color values of the middle third of upper central incisor, 
2 = color values of the bracket. 
 
The mean ΔE values between bracket type and the acrylic denture tooth (upper 
central incisor) were determined and compared. Two-way Analysis of Variance (Two-
way ANOVA) and Tukey-Kramer Honestly Significant Difference (Tukey-Kramer HSD) 
were performed for the data set of each test at a 0.05 level of significance. 
 
Overall, two-way ANOVA test revealed that the type of the bracket and/or light 
source had a statistically significant effect on the ΔE or color matching, (p value < 







Table 2.3. Two-way ANOVA result for full factorial of different bracket types under 
different lights. 
Source Nparm DF Sum of Squares F Ratio Prob > F 
Light 2 2 164.3705 50.3766 <.0001 
Bracket Type 9 9 1645.9784 112.1029 <.0001 
Light*Bracket Type 18 18 145.4428 4.9528 <.0001 
 
Under daylight (Table 2.4 and Figure 2.17), the mean ΔE ranged from 4.87 for 
Radiance Plus brackets to 20.45 for control YZ brackets. Radiance Plus and Lava 
Ultimate brackets had the smallest mean ΔE values, which were statistically significantly 
smaller than Inspire, Avex, and Mystique commercial alumina brackets; however, there 
was no statistically significant difference compared to Mark II, MZ100, and colored 
alumina brackets. The minimum ΔE calculated under daylight was 2.8 for a Radiance 












Table 2.4. Mean ΔE values with standard deviation for each group under daylight, and 
showing comparison performed using Tukey-Kramer HSD. 
Material ΔE Significant 
Difference 
Radiance Plus 4.87 ± 1.8 A 
Lava U 5.07 ± 0.8 A 
MK II 6.23 ± 0.9 A, B 
MZ100 7.2 ± 1.3 A, B 
Alumina 8.3 ± 1.3 A, B 
YZ 8.95 ± 0.8 B 
Inspire 9.7 ± 0.6 B 
Mystique 13.95 ± 1.2 C 
Avex 14.52 ± 0.5 C 
YZ control 20.45 ± 0.9 D 









Table 2.5. ΔE values under daylight. 
 Radiance 
Plus 
Lava U MK II MZ100 Alumina YZ Inspire Mystique Avex YZ 
Control 
Avg 4.87 5.07 6.23 7.2 8.3 8.9 9.7 13.9 14.5 20.4 
STDEV 1.8 0.8 0.9 1.3 1.3 0.8 0.6 1.2 0.5 0.9 
COV (%) 37.9 15.1 15.2 17.9 15.5 8.8 6.6 8.5 3.7 4.4 
Minimum 2.8 4.1 5.9 5 6.4 7.9 9.2 12.5 14.1 19.6 

















Under fluorescent light (Table 2.6 and Figure 2.18), the mean ΔE ranged from 
4.25 for Lava Ultimate brackets to 16.42 for YZ control brackets. Lava Ultimate 
composite resin brackets had the smallest mean ΔE, which was 4.25 and it was 
statistically significantly smaller than Inspire, Mystique, and Avex commercial alumina 
brackets; however, there was no statistically significant difference compared to Radiance 
Plus, Mark II, MZ100, colored YZ, and colored alumina brackets. The minimum ΔE 
calculated under fluorescent light was 1.4 for a Lava Ultimate bracket while the 

















Table 2.6. Mean ΔE values with standard deviation for each group under fluorescent 
light, and showing comparison performed using Tukey-Kramer HSD. 
Material ΔE Significant 
Difference 
Lava U 
4.25 ± 2.2 A 
Radiance Plus 
4.87 ± 0.5 A 
MK II 5.02 ± 0.9 A, B 
MZ100 
5.7 ± 0.6 A, B, C 
Alumina 
7.25 ± 2.1 A, B, C 
YZ 7.65 ± 1.8 A, B, C 
Inspire 
9.37 ± 1.6 C, D 
Mystique 
12.55 ± 0.9 D, E 
Avex 
14.12 ± 0.7 E, F 
YZ control 
16.42 ± 1.9 F 

















MZ100 Alumina YZ Inspire Mystique Avex YZ 
Control 
Avg 4.25 4.87 5.02 5.7 7.25 7.65 9.37 12.55 14.12 16.42 
STDEV 2.2 0.5 0.9 0.6 2.1 1.8 1.6 0.9 0.7 1.9 
COV (%) 52 10.1 16.9 10 29 24 17.3 7.2 4.8 11.4 
Minimum 1.4 4.4 4.4 5 5.2 5.4 7.1 11.5 13.4 14.2 
























Under incandescent light (Table 2.8 and Figure 2.19), the mean ΔE ranged from 
4.65 for Lava Ultimate brackets to 13.25 for YZ control brackets. Lava Ultimate 
composite resin brackets had the smallest ΔE, which was 4.65 and it was statistically 
significantly smaller than Mystique, Avex, and YZ control brackets; however, it was not 
statistically significantly different compared to the other tested brackets. The minimum 
ΔE calculated under incandescent light was 3.3 for a Mark II bracket while the maximum 

















Table 2.8. Mean ΔE values with standard deviation for each group under incandescent 
light, and showing comparison performed using Tukey-Kramer HSD. 
Material ΔE Significant 
Difference 
Lava U 4.65 ± 0.6 A 
Mk II 5 ± 1.1 A, B 
Alumina 5.43 ± 2.1 A, B, C 
Radiance Plus 5.85 ± 1.7 A, B, C 
Inspire 6.15 ± 0.1 A, B, C, D 
MZ100 6.2 ± 1.8 A, B, C, D 
YZ 6.38 ±1.7 A, B, C, D 
Mystique 8.67 ± 0.4 C, D 
Avex 9.13 ± 0.5 D 
YZ control 13.25 ± 0.3 E 









Table 2.9. ΔE values under incandescent light. 
 




Inspire MZ100 YZ Mystique Avex YZ 
Control 
Avg 4.65 5 5.43 5.85 6.15 6.2 6.38 8.67 9.13 13.25 
STDEV 0.6 1.1 2.1 1.7 0.1 1.8 1.7 0.4 0.5 0.3 
COV (%) 13.7 22.9 38.5 29.2 1.6 29.5 26 4.5 5.6 2.5 
Minimum 3.7 3.3 3.6 4.2 6 4.6 4.1 8.1 8.6 12.8 























Regarding the mean ΔE of each bracket type under three different lights (Figure 
2.20), it was found that there was no statistically significant difference in mean ΔE when 
light type changed for the following groups: Radiance plus, alumina, YZ, Lava u, 
MZ100, and Mark II. However, mean ΔE of Inspire monocrystalline alumina brackets 
under incandescent light (6.1) was statistically significantly smaller than those under 
daylight (9.7) and fluorescent light (9.3). Likewise, mean ΔE values of Avex 
polycrystalline alumina brackets under daylight (14.25) and fluorescent lights (14.12) 
were statistically significantly larger than that under incandescent light (9.1). Also, mean 
ΔE values of Mystique polycrystalline alumina brackets under daylight (13.95) and 
fluorescent lights (12.25) were statistically significantly larger than that under 
incandescent light (8.67). 
 
The mean ΔE of YZ control brackets under daylight (20.45) was statistically 
significantly larger than that under fluorescent light (16.42), which was statistically 







Figure 2.20. Profile interaction showing mean ΔE values for each bracket type plotted 










CHAPTER TWO - DISCUSSION 
 
This study is a developmental study that was designed to fabricate experimental 
orthodontic brackets in shades equivalent or comparable to natural teeth, and compare it 
to commercially available alumina ceramic brackets in vitro. The first part of the 
experiment was an attempt to find out the concentration of certain salts that would color 
polycrystalline alumina and zirconia in shades close to teeth shades; Vita shade guide 
systems were used to help in color or shade comparison. Vita easyshade compact was 
used for instrumental matching and visual matching was done by one operator against 
neutral grey background under color corrected full spectrum light. The results showed 
that alumina and zirconia could be colored to match natural teeth shade using different 
cations at specific concentrations and only minute changes in the concentrations could 
produce different shades. When the concentration was increased, the chromaticity of the 
color increased to a limit, when solution was fully saturated. After determining the 
necessary compound and specific concentration to produce teeth shades, brackets were 
fabricated from alumina and zirconia and then colored. Iron (II) acetate (2g/dl) and 
Praseodymium (III) acetate hydrate (0.1 g/dl) solutions were used to color alumina and 
zirconia brackets, respectively, to acquire a closer match to A3 Vita shade.  Brackets 
were also fabricated from porcelain and MZ100 blocks available in Vita Shade A3 and 
compared to commercial alumina brackets against A3 acrylic denture teeth. Shade A3 
was chosen because it is one of the most common shades used by dentists and found in 
general population especially adults. (113-117) High quality photographs were taken to 
show and document the visual comparison. To make the comparison more objective, 
 
 123
Adobe Photoshop software was used to determine L*a*b values of the brackets and 
compare them to those of A3 denture teeth (middle third of upper right central incisor) by 
calculating ΔE values. Several studies have shown that digital photographs could an 
effective and efficient tool for color measurement and dental shade matching. (107, 109-
111) Jarad et al compared determining color values from the digital images using Adobe 
Photoshop and conventionally using a reflectance spectrophotometer. They reported a 
very high and statistically significant correlation between the spectrophotometer and 
digital camera for all CIE L, a, and b color coordinates and recommended the use of 
digital camera for color matching in the dental clinic. (107) Spectrophotometer was not 
utilized in this study because brackets are small in size and gave irregular topography. 
The diameter of the smallest aperture in Color i5 Benchtop Laboratory 
Spectrophotometer (Gretag Macbeth, X-Rite Inc., Grand Rapids, MI, USA) is 6mm, 
whilst the mesiodistal and incisogingival dimensions of labial surfaces of brackets used in 
this study were less than 3.79mm and 4 mm, respectively. Spot measurement devices or 
spectrophotometers like Vita Easyshade Compact measure a small area on the tooth 
surface (the size of the optical device aperture is generally 3 mm2 (74)); however, these 
devices are designed for flat surfaces to have an even and tight contact for proper 
measurement. To the best of authors’ knowledge, this is the first study to fabricate 





Four brackets of each group were compared to A3 acrylic denture teeth under 
three different lights (total sample size = 40). Sample size and power analysis was 
performed and showed that a total sample size of 40 (4 specimens per group) had a power 
of 98.2% and a total sample size of 27 (2.7 specimens per group) would provide a power 
of 80%, which is adequate and is often chosen and considered as a standard in scientific 
studies for efficiency and practicality.  
 
The results of this study showed that matched experimental tested brackets had 
closer shades and were less distinguishable compared to most of the tested commercial 
brackets. Lava Ultimate composite resin brackets showed the best shade match with the 
lowest mean ΔE recorded under fluorescent (4.25) and incandescent (4.65) lights. 
Although Radiance Plus had the smallest mean ΔE recorded under daylight (4.87), it was 
not statistically significantly different from Lava U, Mark II, MZ100 and colored 
alumina.  Although, there was no statistically significant difference between mean ΔE 
values of Radiance Plus versus Lava U, Mark II, MZ100 and colored alumina and Lava 
Ultimate under all three lights, shaded brackets showed better matching visually 
(clinically) than Radiance Plus. A recent study by Filho et al. evaluated and compared the 
optical properties of two brands of monocrystalline alumina (Radiance and Pure) and 
nine brands of polycrystalline alumina brackets. They revealed that monocrystalline or 
sapphire alumina bracket demonstrated larger amount light of direct light transmission. 
Radiance monocrystalline alumina had 38.8% transmittance that was the highest while 
the Tecnident polycrystalline alumina had the least, with 0% transmittance. (118) The 
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fact that there was no underlying cement used in this study should be considered, which 
would probably affect the translucency and the shade of commercial alumina brackets 
significantly especially monocrystalline alumina brackets, which are more translucent. 
Shaded polycrystalline alumina and zirconia brackets are more opaque and their shade 
should not be affected by the underlying cement. In this study, only minute amount of 
white/translucent utility wax (Wax square ropes-white, Modern Materials, Heraeus 
Kyzler, South Bend, IN, USA) was used at the incisal wings away from the measured 
spot, to stabilize the brackets, so the effect of underlying cement was not evaluated.  
 
Under daylight, shaded (experimental) brackets and commercial monocrystalline 
brackets had statistically significantly smaller mean ΔE compared to commercial 
polycrystalline alumina brackets, which makes sense because the monocrystalline 
brackets had higher translucency that would transfer the underlying tooth color more. Lee 
evaluated and compared the color and translucency of commercial alumina ceramic and 
plastic brackets using a spectrophotometer. He reported that monocrystalline alumina 
brackets (Inspire Ice) showed higher light transmittance than polycrystalline alumina. He 
also showed demonstrated that variation in thickness and geometry of commercial 
brackets, had a significant influence on the translucency and color of the brackets. (119) 
It is important to take into consideration that the central part of Radiance Plus brackets 
was significantly more opaque than the outer part and that is probably caused by the 
mechanical retention built in the central part of the bracket base, however, in the present 
study the color was measured at the more translucent outer part (Figure 2.21). 
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Conversely, the effect of design, thickness and underlying cement on bracket’s 
translucency and color would not be significant when brackets are fabricated in specific 
shades in less translucent materials like those used in the present study: polycrystalline 
alumina, zirconia, composite resin, feldspathic porcelain. This supports the idea of 
providing brackets in solid shades rather than being translucent. Moreover, an ideal 
bracket should satisfy not only esthetics but also mechanics. Zirconia brackets have 
significantly higher resistance to fracture compared to commercial alumina brackets as 
shown in this study. Furthermore, monocrystalline alumina brackets have weaker fracture 
toughness compared to polycrystalline brackets and this should be considered with their 
more translucent or esthetic appearance. Flores et al showed that scratching commercial 
monocrystalline alumina brackets surface decreased their resistance to torsion 
significantly, however, strength of polycrystalline alumina brackets did not change 
significantly after surface damaging. (42)  
 
The results of the present study also showed that mean ΔE values of Inspire, 
Avex, and Mystique brackets under incandescent light were statistically significantly 
smaller than those under daylight and fluorescent light. This shows how different light 
sources could affect shade determination and thus matching, and that incandescent light 
was the least sensitive light source tested with smaller mean E values. Corcodel et al 
evaluated metameric effect between natural teeth and shade tabs under different 
illuminants using an intra-oral spectrophotometer (VITA Easyshade) and reported that 
color difference may not be the same under different lighting conditions, which is in 
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agreement with the finding of the present study. However, they found that both smaller 
and larger color differences existed under incandescent light compared to reference 
daylight, for nearly half of the pairs the color difference was greater under incandescent 
light compared to daylight. (120)This difference could be related to difference in study 
design or materials used. Lee at al. also showed perceptible shifts in the color of shade 
guide tabs under different lighting conditions and these color differences were influenced 
by the type of illuminant used. (121) 
 
This study was in vitro study and did not evaluate effect of underlying cement on 
bracket shade. Thus, more studies are recommended to evaluate underlying cement effect 







Figure 2.21. Digital photograph magnified 155% showing the less translucent central part 
of a Radiance Plus bracket mounted on shade A3 acrylic tooth taken under daylight. The 
wax used to stabilize the bracket was used at the incisal third of the bracket away from 











CHAPTER TWO - CONCLUSIONS 
Within the limitation of this in vitro study, we conclude that: 
• Orthodontic brackets can be produced in natural tooth shades, which would 
enhance their esthetic appearance. 
• Commercial polycrystalline alumina brackets had statistically significantly larger 
mean ΔE values and thus less appealing shade matching compared to commercial 
monocrystalline alumina brackets and shaded experimental brackets under 
daylight (P < 0.05). 
• Brackets’ shade matching under incandescent light was least sensitive (P < 0.05) 
or showed statistically significantly smaller ΔE values compared to daylight and 















CHAPTER ONE - APPENDIX  
 
 
Labioolingual (BL), mesiodistal (MD), and incisogingival (IG) average bracket’s 
dimensions in both millimeters and inches. 







BL MD IG BL MD IG 
Standard YZ U1 2.21 3.79 3.87 0.09 0.15 0.15 
Resolve L1, 2 1.9 - 2.32 2.78 3.89 0.075 - 0.09 0.11 0.15 
Mystique UR1 2.14 3.74 4 0.08 0.15 0.16 
Mystique L1, 2 2.18 2.99 3.98 0.09 0.12 0.16 
Mini YZ 1.38 2.80 2.2 0.05 0.11 0.09 
 







Scanning electron micrograph showing complete separation of the gingival half of a 
Mystique UR1 bracket after torque test at magnification 20x. Dark spots/semispherical 
areas at the slot walls were noticed, which may indicate the presence of porosities in the 







Scanning electron micrograph showing complete separation of the gingival half of a 







Scanning electron micrograph showing complete separation of the gingival half of a 






Scanning electron micrograph showing complete separation of the gingival half of a 





a) Scanning electron micrograph showing fracture of the incisal half of a Mystique lower 
incisor bracket at magnification 15x (incisal view). Dark spots/semispherical areas at the 
slot walls were noticed, which may indicate the presence of porosities in the silica slot 
lining. b) Close up view of the dark spots/semispherical areas at the slot walls at 






a) Scanning electron micrograph showing fracture of the gingival half of a Mystique 
lower incisor bracket at magnification 26x (frontal view). Dark spots/semispherical areas 
at the slot walls were noticed, which may indicate the presence of porosities in the silica 
slot lining. b) Close up view of the dark spots/semispherical areas at the slot walls at 











Scanning electron micrograph showing complete separation of the incisal half of a 







Scanning electron micrograph showing complete separation of the gingival half of a 








Scanning electron micrograph showing chipping of the incisal half of a miniature YZ 





Scanning electron micrograph showing chipping of the incisal half of a miniature YZ 






Scanning electron micrograph showing fracture of both halves gingival and incisal of a 







Scanning electron micrograph showing chipping of the incisal half of a standard YZ 






Scanning electron micrograph showing complete separation of the failed incisal half of a 






Scanning electron micrograph showing complete separation of incisal half of a standard 





















                
 
 
Brackets’ size comparison: from left to right: miniature YZ bracket (upper right central 
incisor), YZ bracket in a standard size zirconia (upper left central incisor) made for the 




























CHAPTER TWO - APPENDIX  
 
Shade measurement for colored zirconia slices using Vita Easyshade Compact followed 









(g/ 20 ml) 
VITA Easyshade Compact
(White tile- background)
 Visual Matching 
Classical 3D Master 
1 Pr III 0.05 Unable to read 2M3 
2 Pr III 0.02 B4(A3,B3) 2M3 2M3 
3 Pr III 0.2 Unable to read  
4 Fe II 0.2 B3(A3,B4) 2.5M3 2M3 
5 FeII 0.4 A4 5M3 4L2.5 
6 CeIII 6 (over 
saturated) 
B2(B3,A1) 1M2 1M2 
7 NiII 0.002 B1(A1) 0M3  
8 NdIII 0.8 Unable to read  
9 PrIII 0.03 A3 4.5M3  
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10 PrIII 0.01 B3 3.5M3 3M3 
11 FeII 0.3 Unable to read  
12 FeII 0.1 A1(B1,B2) 0M3  
13 CeIII 2 B1 0M1 0M1 
14 NiII 0.01 A1(B1,B2) 0.5M2.5 0M3 
15 CrIII 0.01 A4(C4,C3) 3.5R2  
16 CoII 0.0011 B1 0M1 0M1 
17 NdIII 0.4 Unable to read  
18 ErIII 0.3239 B1 0M1  
19 MnII 0.0427 C4? 5M1  
20 CrIII 0.0053 A1(C1,B1) 1M1.5 1M1 
21 Co II 0.0021 B1 OM1  
















Shade measurement for colored alumina slices using Vita Easyshade Compact followed 






Soln Conc. (g/ 
20 ml) 
VITA easyshade 





1 Co II 0.0011 A3.5(A4,A3) 3.5M3 3M3 
2 Pr III 0.02 A4(C4) 4M3  
3 Pr III 0.2 A4(C4) 4.5M3  
4 Fe II 0.4 A4 5M3 3M2 
5 CrIII 0.01 Pink  
6 CeIII 6 (over saturated) C4 5M1  
7 NiII 0.002 A3.5  5M3  
8 NdIII 0.8 C4(A4,C3) 4.5M2  
9 ErIII 0.3239 B3(A3,A3.5) 2.5M3  
10 MnII 0.0427 Pink  
11 Ce III 1 D4(A4,C3) 4.5M1.5  
12 Nd III 0.4 A4(C4) 4M3  
13 Er III 0.1004 B3 3M3  











Brackets’ shade comparison against A3 acrylic denture teeth under daylight. From left to 
right: Avex (upper right lateral incisor), colored YZ (upper right central incisor), 









Brackets’ shade comparison against A3 acrylic denture teeth under daylight. From left to 
right: Avex (upper right lateral incisor), MZ100 (upper right central incisor), Mystique 












Brackets’ shade comparison against A3 acrylic denture teeth under daylight. From left to 
right: Avex (upper right lateral incisor), Mark II (upper right central incisor), Mystique 









Brackets’ shade comparison against A3 acrylic denture teeth under daylight. From left to 
right: Avex (upper right lateral incisor), colored alumina (upper right central incisor), 









Brackets’ shade comparison against A3 acrylic denture teeth under daylight. From left to 





























D65 113 80-200 6549 6200-
6800 
CWF 117 80-200 3998 3850-
4450 
A 126 80-200 2733 2656-
3056 
 
D65 = daylight 
CWF= cool white fluorescent light 





Sample size and power analysis of mean ΔE values for the 10 groups of tested brackets 







Sample size and power analysis of mean ΔE values for the 10 groups of tested brackets 







Sample size and power analysis of mean ΔE values for the 10 groups of tested brackets 
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